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Abstract

Mitochondrial DNA polymerase (pol v) is the sole DNA polymerase responsible for replication
and repair of animal mitochondrial DNA. Here, we address the molecular mechanism by which
the human holoenzyme achieves high processivity in nucleotide polymerization. We have
determined the crystal structure of human pol y-, the accessory subunit that binds with high
affinity to the catalytic core, pol y-a, to stimulate its activity and enhance holoenzyme
processivity. We find that human pol y-§ shares a high level of structural similarity to class Ila
aminoacyl tRNA synthetases, and forms a dimer in the crystal. A human pol y/DNA complex
model was developed using the structures of the pol y-f dimer and the bacteriophage T7 DNA
polymerase ternary complex, which suggests multiple regions of subunit interaction between pol
v-p and the human catalytic core that allow it to encircle the newly synthesized double-stranded
DNA, and thereby enhance DNA binding affinity and holoenzyme processivity. Biochemical
properties of a novel set of human pol y-f mutants are explained by and test the model, and
elucidate the role of the accessory subunit as a novel type of processivity factor in stimulating pol
vy activity and in enhancing processivity.
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Introduction

Animal mitochondrial DNA polymerase comprises two subunits: a catalytic core, pol y-a,
that contains the DNA polymerase and 3’-5" exonuclease activities required for accurate
DNA synthesis, and an accessory subunit, pol y-B, that enhances catalytic activity and serves
as a processivity factor.! The two-subunit composition and catalytic activities of human pol
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v are well established, and numerous studies of the role of the accessory subunit document
its important contributions to holoenzyme function.

Three types of processivity factors have been identified for various replicative DNA
polymerases, which ensure the high level of processivity required for genomic DNA
synthesis. Processivity factors that function in prokaryotic, eukaryotic and archaeal
chromosomal replication belong to the so-called sliding clamp family, which includes the b
subunit dimer of Escherichia coli DNA polymerase 111 holoenzyme, proliferating cell
nuclear antigen and the bacteriophage T4 gp45 protein.2 These proteins form oligomers that
assume a toroidal structure to encircle and slide along the double-stranded DNA (dsDNA)
helix in association with the cognate DNA polymerase. Additional proteins known as clamp
loaders are required to load these processivity factors onto DNA in an ATP-dependent
manner.2 Herpes simplex virus UL42 protein represents a second type of processivity factor,
which binds non-specifically to dsSDNA with high affinity, and interacts with herpes simplex
virus HSV DNA polymerase without the need for either a clamp loader or ATP
hydrolysis.3# E. coli thioredoxin functions as a third type of processivity factor in
bacteriophage T7 replication by interacting exclusively with T7 DNA polymerase, without
direct interaction with DNA.5

The molecular mechanism by which the accessory subunit enhances the activity and
processivity of mitochondrial DNA polymerase is poorly understood, and studies of both the
subunit stoichiometry and subunit interactions in mammalian pol v are limited.! Physical
studies and an extensive mutational analysis of Drosophila pol y have led us to propose a
model of multiple subunit interactions in a heterodimeric holoenzyme.®7 More recently,
both physical and biochemical data have suggested a heterodimeric structure for human pol
v.8:9 However, the homodimeric structure of the human accessory subunit that would be
predicted from sedimentation velocity experiments,8 and observed in the mouse crystal
structure,10 raised the possibility that human pol vy is a heterotrimer of the structure afs.
Therefore, we have investigated the structure and function of the human pol y holoenzyme.
We have determined the crystal structure of human pol y-. Its dimeric structure in the
crystal and high degree of structural similarity to E. coli threonyl tRNA synthetase
(ThrRS)1112 aided our development of a molecular model for the human pol y/DNA
complex, using the atomic structures of the human pol y-p dimer and the bacteriophage T7
DNA polymerase ternary complex.13 Furthermore, in the light of this model, a series of
novel amino acid substitutions spanning the human pol y-B polypeptide were analyzed for
their effects on DNA binding, processivity, and DNA synthesis by the reconstituted human
pol y. Taken together, the results from the crystal structure, molecular modeling and
biochemical analyses shed new light on the molecular assembly of the pol ¥ complex, and
the mechanism for processivity enhancement by human pol y-p.

Crystal structure of human pol y-

Human pol y-B (residues 26—485) was expressed in bacteria as an N-terminally His-tagged
recombinant form as described in Materials and Methods. The structure of human pol -
was determined at 3.26 A resolution by molecular replacement with the coordinates of the
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mouse pol y-p structure (1G5H).1% The major crystal forms were in space group P3(2)
containing four pol y-p molecules in the asymmetric unit, with monomers A/C and B/D
forming two dimers. The N-terminal His tag, residues 26—63, and residues 219-228 and
356-367 in two loops, were disordered in all monomers. The final crystallographic model
was refined to an R factor of 23.3% (Ryee 28.5%) with non-crystallographic symmetry
restraints; and it has good stereochemistry (Table 1). The two independent copies of pol y-§
in the asymmetric unit (A/C and B/D) superpose with a root-mean square deviation (rmsd)
of 1.09 A in all atom positions, indicating that the molecules are nearly identical.

The overall structure of human pol y-p closely resembles that of mouse pol y-B: the rmsd of
corresponding C® atoms after superposition of monomer A is 1.30 A. Each pol y-B monomer
can be divided into three domains (Figure 1). The core of the molecule is formed by the N
and C-terminal domains. The N-terminal domain is built upon a 3 sheet of six anti-parallel
strands and one parallel strand that is surrounded by six a helices and several loops (light
green, Figure 1(a)). The C-terminal domain (residues 368—485) is a mixed a/f domain
comprising five B strands and three a helices (green). A short middle domain (residues 133—
182) projects from the N-terminal domain to form a helix-loop-helix (HLH) motif with three
short 3 strands at the base (cyan). This HLH-B3 domain forms a four-helix bundle and three
pairs of anti-parallel strands with the corresponding region of the other monomer in the
dimer, and provides the major dimerization interface. This domain in monoB shifts a little
closer to monoA to form the four-helix bundle. The C® atom of Leu157 near the top loop
has the largest shift of 2.47 A.

Homology with ThrRS and molecular modeling of the pol y/DNA complex

It has been shown that pol y- shares both sequence and structural similarities with class lla
aminoacyl-tRNA synthetases,10-14.15 which include the glycyl, threonyl, seryl, histidyl, and
prolyl tRNA synthetases. All of these enzymes have a conserved catalytic domain and an
anti-codon binding domain (except SerRS), which are similar to the N and C-terminal
domains of both mouse and human pol y- (Figure 1(b)).1916 Notably, the relative
orientation of the N and C-terminal domains of pol y-f is similar to the orientation observed
in ThrRS,1112 and in GIyRS,17 though other class Ila aaRSs show variable domain
arrangements. ThrRS is also a dimer in the crystals, and has similar monomer orientations
relative to the human pol y-f dimer (Figure 1(c) and (d)). Interestingly, E. coli ThrRS binds
to the leader of its own mRNA close to the translation initiation site, thereby autoregulating
its own translation by a feedback mechanism.18:19 Both the structure of the ThrRS/tRNAT
complex (PDB code 1QF6)!1 and the structure of the core ThrRS/ RNA operator complex
(PDB code 1KOG)2 have been determined. The RNA operator (Figure 1(d), yellow) adopts
a stem—loop structure similar to those observed in the anticodon stem—loop of tRNATH"
(green), thereby interacting similarly with ThrRS.12 These complex structures demonstrate
clearly that ThrRS-like structures have the intrinsic property of binding to DNA or RNA
with similar stem—loop structures. Thus, we docked onto the surface of the human pol y-B
dimer both the tRNAT" molecule and the RNA operator by superimposing the catalytic and
anticodon-binding domains of ThrRS onto the N and C-terminal domains of human pol v-f3,
respectively (Figure 1(c)).
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Both the RNA operator and the anticodon arm (loop and stem) of the tRNA molecule fit
well onto the positively-charged surface of the pol y-p C-terminal domain and adjacent
region (Figure 1(c), blue). However, the acceptor arm of the tRNA projects into a mostly
negatively charged pocket in pol y-p (Figure 1(c)), in contrast to the positively-charged
pocket in the ThrRS catalytic active site (Figure 1(d)). Thus, the electrostatic surface
suggests that pol y-B binds better to RNA operator-like DNA or to RNA molecules
containing only an anticodon-like stem—loop arm. This is consistent with the earlier
observation that pol y- does not show amino acid adenylation activity.1® Because folded
RNA molecules are likely used as primers for the initiation of mitochondrial DNA
replication, the structural similarity between the C-terminal domain of pol y-p and the
anticodon-binding domain of class Ila aaRSs has prompted the suggestion of a possible role
for pol y-f in the initiation of mitochondrial DNA replication.15.16

It is well established that pol y-B increases catalytic efficiency, and serves as the processivity
factor during elongation of DNA synthesis by pol y-$.8:9:14.20 |n order to understand the
molecular and structural basis for the processivity enhancement by human pol v-3, we
developed a molecular model for the pol y/DNA complex using our pol y-f§ coordinates, and
those of the T7 DNA polymerase (T7 pol) in a ternary complex with DNA and ddGTP (PDB
code 1T7P).13 The catalytic core of pol v, pol y-, and T7 pol are both members of the
family A group of DNA polymerases.2122 Crystal structures of family A DNA polymerases,
including the Klenow fragments of E. coli and Bacillus stearothermophilus DNA
polymerase I, Thermus aquaticus DNA polymerase and bacterio-phage T7 pol, indicate that
family A DNA polymerases have conserved structures.13:23-25 T7 pol and pol vy further
resemble one another by forming a complex with an accessory subunit, thereby converting
the catalytic core into an efficient, processive replicative polymerase.>26 Accordingly, T7
pol was used in the recent development of a homology model to study clinically important
mutations in the pol domain of human pol y-..2” T7 pol contains an N-terminal 3/-5/
exonuclease domain and, in common with DNA polymerases in all classes,?8 a C-terminal
polymerase domain reminiscent of a right hand in which the palm, fingers and thumb form a
DNA-binding groove and the polymerase active site.

The structural homology between human pol y-p and ThrRS suggests that pol y-f3 binds to
RNA or DNA molecules with stem—loop structures at its C-terminal domain and adjacent
dimeric interface (Figure 1(c)). This is consistent with earlier mutagenesis data, which
indicates that the dimeric interface of human pol y-f is required for interaction with
dsDNA.2? Extending this observation, we found that the negatively charged dsDNA
molecule in the T7 pol ternary complex (PDB code 1T7P:13 Figure 1(c), orange) fits into the
positive electrostatic surface at the dimeric interface adjacent to the C-terminal domain of
pol v-B when its minor groove is aligned with the minor groove of the stem regions in the
tRNATI and the RNA operator molecule, which are docked on the human pol y-B dimer as
described above. This allowed us to develop a molecular model of the pol y/DNA complex
using the human pol y-p dimer and the T7 pol ternary complex (in place of human pol v-§)
by superimposing the corresponding DNA molecules. T7 pol fits well with the pol y-$ dimer
without any main-chain atom collisions. Although the dsDNA molecule has several degrees
of freedom in rotation and translation relative to the surface of the human pol y-§ dimer, the
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assembly of the human pol v-f dimer and the T7 pol is unique; we found that any movement
of the T7 pol along with the dsDNA either in rotation or translation relative to the pol y-B
dimer results in major collisions from the mainchain atoms between the two structures. In
that regard, we tried to assemble manually the T7 pol ternary complex with the human pol -
{3 dimer at other sites suggested by the pol y-f structure and its electrostatic potential
properties. All of these trials led to main-chain atom collisions between T7 pol and the pol
v-p dimer (data not shown).

The resulting pol y//DNA complex model is both consistent with available data and,
importantly, is predictive relevant to holoenzyme structure and function. The model predicts
that the pol v-p dimer makes multiple contacts with pol y-a (T7 pol in the model) through
the thumb, fingers, and exonuclease domains (Figure 2), in agreement with results we
obtained from mutagenesis and recon-stitution of the two subunits of Drosophila pol y.” The
C-terminal domain of one pol y-p molecule (monoA, green in Figure 2) interacts with the tip
of the thumb domain of pol y-a, where thioredoxin interacts with T7 pol. However,
thioredoxin and the C-terminal domain of monoA locate on opposite sides of the tip of the
thumb in their corresponding complexes (Figure 2(a)). The other subunit (monoB, yellow in
Figure 2) of the pol y-p dimer contacts the exonuclease domain via its N-terminal domain
(residues 308-322) (Figure 2(b)). Furthermore, the four-helix bundle formed by the HLH-p3
domains (residues 132-182) that are not found in the class Il aaRS catalytic domains
interacts with the fingers domain of pol y-a. In our model, the fingers domain interacts with
the pol y-p dimer through a loop between helix P (560-574) and strand 10 (591-595), while
helices O and O1, which are important for the functions of T7 pol,13 are away from the pol
v-p dimer. Interestingly, this loop is missing 11 residues (576-586) in the T7 pol/DNA
crystal structure.13 This loop potentially interacts with the helix-base junction (including
Ser178 and Gly179) of the HLH-b3 domain of monoB, and possibly with the disordered
loop (residues 119-229) of monoA in the pol y-f dimer. The canonical thumb and finger
conformational closing observed in DNA polymerases is fully feasible in the model, as the
proposed interactions would not restrain these movements. The involvement of the HLH-$3
domain in pol y-B dimerization and in subunit interactions accounts, in part, for the apparent
need for a pol y-B dimer for efficient holoenzyme function.10

The subunit interactions in our pol y/DNA complex model result in the complete encircling
of the dsDNA upstream of the 3’-end of the primer, and thereby potentially enhance greatly
pol y processivity. MonoA makes limited DNA contacts with the primer-template via the N-
terminal domain (residues 67—75; Figure 2), and interacts with the template strand via its C-
terminal domain (residues 446-453). MonoB contacts the primer strand via its N-terminal
domain (residues 309- 330), and interacts with the template strand via a -hairpin at
residues 198-203. Overall, the model predicts that contacts between pol y-p and the DNA
substrate are limited, in agreement with its low affinity for short dsDNA and single-stranded
DNA.29 In this regard, the flexible 17 loop in the mouse crystal structure, which is missing
in our human beta structure and in some mouse molecules, may adopt a conformation that
allows productive interactions with the dsDNA phosphate backbone through residues R363,
K364, and K365, possibly explaining why the 17 mutant has a lower stimulatory activity
than the reconstituted wild-type holoenzyme.10
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The significant and apparently targeted contacts with both subunits in our pol y/DNA
complex model suggest why dimerization of pol y-$ would be required for a fully functional
pol y complex. The crystal structure of the T7 pol ternary complex does not reveal directly
how thioredoxin enhances the processivity of T7 pol, because there is no direct contact
between thioredoxin and DNA.13 Doublie et al. suggested that thioredoxin, and the
associated loop flexibly tethered to the thumb of T7 pol, swing across the DNA-binding
groove to encircle the newly synthesized dsDNA in order to enhance processivity. In
contrast, our pol v/DNA complex model provides for complete encirclement of the growing
DNA chain, consistent with the role of the accessory subunit in processivity. Furthermore,
the association of the C-terminal domain of pol y-p and the tip of the thumb domain in pol y-
a is expected to include additional spacer region residues, based on amino acid alignment
and secondary structure prediction of pol y-a relative to other family A polymerases whose
structures are known. This suggests even more extensive regions of protein—protein and
protein~-DNA interactions that would serve to enhance both the activity and processivity of
pol y-a. This hypothesis is consistent with biochemical data that document a role for the
spacer region in template—primer binding and positioning.30-32

Pol y-B mutants stimulate differentially DNA synthesis by the human catalytic core

In parallel with the human pol y- structure determination and development of the pol
v/DNA complex model, we performed a comprehensive site-directed mutagenesis of amino
acid residues that are conserved among accessory-subunit homologs from fly to man (Figure
3). Nineteen mutants spanning the human pol y-p polypeptide were constructed with single
or double substitutions, purified to near-homogeneity and shown to form complexes with
human pol y-a that sediment in glycerol gradients at the position of the wild-type
holoenzyme (Figure 4). To evaluate the biochemical properties of the human pol vy
complexes, we first examined the effects of the pol y-p mutations on DNA synthesis by pol
v-a on singly primed M13 DNA (Figure 4). Wild type pol y-p showed a 130-fold stimulation
of DNA synthesis by the catalytic core. Most of the mutants spanning broad regions of pol
v-p reduced its stimulatory activity substantially, ranging from 5% to 70% as compared to
wild-type (Figure 4 and Table 2). These results are explained by, and are generally
consistent with, predictions based both on our human pol y-f structure and the pol y/DNA
complex model.

Seven residues in the N-terminal domain of pol y-p were mutated. Residue E105 is
positioned at the dimer interface and turns away from three residues, W115, E123 and P127
of the other monomer (Figure 5(b)). The E105A substitution is predicted to function as well
as wild-type pol y-p because of the substitution of Glu by the smaller Ala residue. In
contrast, residue G103, which is positioned on the other side of the helix, is surrounded by a
hydrophobic cluster comprising residues F52, L53, F73, L76, L80 and M320. Substitution of
G103 with Glu may change the local chemistry dramatically, and thereby engender severe
defects in the functions of pol y-B. Notably, a genetic mutant of the corresponding residue in
fly (G31E) results in developmental lethality.33 We found that whereas mutant E105A
exhibited a level of stimulation similar to or greater than that of the wild-type, mutant
G103E showed a greater than tenfold reduced stimulatory activity (Figure 4). Thus,
mutations affecting the conformation of pol y-§ near its dimer interface affect its functional
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role in stimulation of DNA synthesis. Our model predicts that residues N195, D308, and
R328 in pol y-f lie close enough to interact with both the exonuclease domain of pol y- and
with DNA (Figure 5(a)), such that replacing these residues with alanine is likely to reduce
pol vy activity and processivity, whereas nearby residues E191, E310, D326, and S271 are
too far away for such interactions. We found that mutant E191A showed wild-type
stimulation, whereas mutant E191A/N195A exhibited only about 20-fold stimulation,
apparently because substitution of Asn195 by Ala affects the interaction between the N-
terminal domain of pol y-f and the exonuclease domain of pol y-a (Figure 5(a)), showing
that subunit interaction plays a role in stimulatory DNA synthesis. The pol y/DNA complex
model predicts that the C-terminal domain residue R328 likely interacts with the newly
synthesized dsDNA exiting the complex. Our mutant D326 A/R328A shows a 2.5-fold
reduction in stimulation, suggesting the importance of a pol y-p—DNA interaction in
stimulation by pol y-p. Residues S178 and G179 are located at the base of the four-helix
bundle (Figure 5(a)) and are close enough to interact with the fingers domain of pol y-a. The
single mutant G179A and double mutant S178A/G179A showed a 2.9-fold and 4.7-fold
reduced stimulatory activity as compared to wild-type pol v-f, respectively. Nine residues
(L425, Q427, D433, F439, T440, E445, T447, K463, and H467) in the C-terminal domain of
pol y-p were mutated to alanine (Figure 5(c)), and show variable defects in the stimulation of
DNA synthesis by pol y-a. These residues lie close enough to interact either with DNA or
with the tip of the thumb domain of pol y-a. Interestingly, various substitutions in residue
D433 of pol y-p show differing effects on the stimulation of DNA synthesis. Residue D433
lies in a position surrounded by several positively charged residues with direct electrostatic
interactions with R369 and R456 (Figure 5(d)). Mutant D433E exhibited a level of
stimulation similar to that of wild-type pol y-f. Mutants D433N, D433R, D433A, and
D433K exhibited reduced stimulation, ranging from 2.8-fold to 44-fold. The variable
stimulatory effects likely reflect corresponding degrees of disturbance in the local charge
balance at residue D433 that are caused by these mutations.

DNA binding affinity of human pol y complexes containing pol y-p mutants

To examine the role of pol y-p in DNA synthesis by human pol y-a in more detail, we
investigated DNA binding affinity of pol v reconstituted with the mutant forms of pol y-
using a quantitative gel electrophoretic mobility-shift assay (EMSA) with a 21/45-mer DNA
as a primer-template (Figure 6). The reconstituted wild-type pol y holoenzyme binds this
substrate with high affinity (K4=10 nM, with over 95% of DNA bound at saturation),
whereas the isolated catalytic subunit pol y-a binds weakly (~20% of DNA bound at
saturation), and pol y-p alone shows no detectable binding.

Similar to what we observed in stimulation of DNA synthesis, most pol y complexes with
mutant pol y-p show reduced DNA-binding affinity. E105A and D433E, which exhibited the
same or better stimulation of DNA synthesis as the wild-type pol y complex, showed DNA-
binding affinities similar to wild-type. Other pol y complexes containing pol y- mutations
spanning all three structural domains, including G179A, S178A/G179A, E191A/N195A,
S271A, D308A/E310A, D326A/ R328A, T440A, E445A/T447A and K463A/H467A,
showed lower DNA-binding affinity than the catalytic subunit alone (<5% of DNA bound at
saturation). Most of these residues lie close enough to interact with pol y-a, suggesting that
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subunit interactions play an important role in DNA binding by the pol y complex. The pol y
complexes with pol y-p mutations in the C-terminal domain, including L425A/Q427A,
D433A, D433K, D433N, D433R, F439A/T440A, T447A, and K463A, exhibited reduced
DNA-binding affinity as compared to the wild-type enzyme, with Ky values ranging from 14
nM to 24 nM. The various substitutions in residue D433 of pol y-B showed variable effects
on DNA-binding affinity that were similar to their effects on the stimulation of DNA
synthesis.

Processivity of human pol y complexes containing pol y-p mutants

Because both catalytic efficiency and DNA-binding affinity affect enzyme processivity, we
also examined the products of DNA synthesis by pol y complexes containing the pol y-B
mutants. The processivity analysis was carried out with excess oligonucleotide-primed M13
DNA under conditions that limit the association—dissociation cycle to once per holoenzyme
molecule, and the DNA product strand length was measured as an average processive unit
(apu) by denaturing gel electrophoresis (Figure 7). We found that processiv-ity correlated
well with DNA-binding affinity though not with stimulatory DNA synthesis, indicating that
the latter is not dependent solely on the former two features (Table 2). Wild-type pol y-$
increased the processivity of human pol y-a tenfold, from 56 nt to 586 nt. The pol y
complexes containing pol y-pf mutants with high DNA-binding affinity (E105A and D433E)
retained the same or better processivity as compared to wild-type (619 nt and 580 nt,
respectively). The pol y complexes containing pol y-p mutants with moderate DNA-binding
affinity (L425A/Q427A, D433A, D433K, D433N, D433R, F439A/T440A, T447A and
K463A) exhibited moderate processivity, ranging from ~130 nt to 500 nt. The pol vy
complexes containing pol y-p mutants with low DNA-binding affinity (G179A, S178A/
G179A, E191A/N195A, S271A, D308BA/E310A, D326A/R328A, T440A, E445A] T44TA
and K463A/H467A) showed the same or lower processivity than pol y-a alone.

Discussion

The accessory subunit pol y-f3 serves an important role in pol y function, enhancing greatly
both the activity and processivity of the catalytic core, pol y-a. We have reported here the
structure of human pol y-p. Furthermore, the structural homology shared by pol y-ff and E.
coli ThrRS allowed us to develop a model of the pol y/DNA complex using the T7 pol
ternary complex with DNA and ddGTP, in which T7 pol serves as a substitute for human pol
v-a. The resulting model is consistent with current available data, and was tested and
provides molecular and structural explanation for our novel site-directed mutagenesis of
residues conserved among pol y-pf homologs from fly to man.

Mutations spanning broad regions of pol y-p reduced substantially its stimulatory activity of
pol y-a as compared to wild-type, and the mutants generally exhibited correspondingly
reduced DNA-binding affinity and processivity. Such extensive functional interactions are
supported by the kinetic analysis of the wild-type enzyme reported by Johnson and co-
workers, in which the human accessory subunit was shown to contribute to every kinetic
parameter examined, to facilitate tighter binding of DNA and nucleotide and faster
replication, increasing pol y processivity about tenfold.® Because some mutants with
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moderate DNA-binding affinity and processivity exhibited low stimulatory activity, and vice
versa, we grouped the pol y-B mutants into five classes as summarized in Table 2. On the
basis of our crystal structure and the pol y/DNA complex model, the various classes can be
explained in terms of both protein— protein and protein-DNA interactions.

Class | mutants include pol y-p mutants EL105A and D433E. Mutant D433E barely changes
the local environment, whereas mutant E105A results in a better pol y-B dimer interface
(Figure 5(b)). We found that pol y complexes containing class | pol y-f mutants retain the
same or better activity than the wild-type pol y complex, correlating with their high DNA-
binding affinity and processivity. Class Il mutants include pol y-p mutants L425A/ Q427A,
D433N, F439A/T440A, T447A and K463A. These mutations reside in the C-terminal
domain of pol y-B, and mainly appear to reduce the interaction between it and the thumb
domain in the model (Figure 5(c)). The pol y complexes containing class Il pol y-p mutants
exhibited moderate activity, ranging from 35% to 70% of the wild-type holoenzyme, and
show moderate DNA-binding affinity and processivity. In contrast, pol y complexes
containing three pol y-B mutants in residue D433 (D433A, D433R and D433K) showed very
low stimulatory activity (2-9% of wild-type), even though they retain the moderate DNA-
binding affinity and processivity of class Il mutants; they were grouped separately as class
I11. Similarly, pol y-p mutants with low DNA-binding affinity and processivity can be
divided into two groups, classes IV and V, because they show different stimulatory effects
on the polymerase activity of pol y-a. The pol y complexes containing class IV pol y-
mutants (G179A, S271A, D308A/E310A, D326A/R328A and T440A) exhibited
surprisingly moderate activity (34-57% of wild-type), whereas those containing class V
mutants (S178A/G179A, E191A/N195A, E445A/T447A and K463A/H467A) showed low
activity (5-20%), even though both groups showed similarly low DNA-binding affinity and
processivity. All class V mutants represent double mutants, whereas class IV mutants are
mostly single mutants. However, the two double mutants D308A/E310A and D326A/R328A
in class IV are likely equivalent to single mutations in residues D308 and R328,
respectively, because residues E310 and D326 are not implicated in interactions with DNA
or pol y-a as illustrated in Figure 5(a). It is notable that in the EMSA with pol y-f mutants
that exhibit reduced DNA-binding affinity, a second shifted species is present that
corresponds to the position of complexes of pol y-a alone with DNA. This suggests
weakened subunit interactions in the reconstituted holoenzyme, which in turn reduce the
stability of the pol y/DNA complex. We discuss below the lack of correlation between
stimulatory DNA synthesis and DNA binding and processivity in pol y complexes
containing class 111 and IV pol y-f mutants.

Processivity of a DNA polymerase is defined as the ratio of the DNA polymerization rate to
DNA dissociation rate (knoi/koff). Any factor that improves nucleotide polymerization or
DNA-binding affinity will increase processivity. In light of our observation for all of the pol
v-p mutants that the processivity of the pol y complex correlates well with DNA-binding
affinity, it appears that the enhancement in processivity by pol y-p is due mainly to an
increase in DNA-binding affinity. In our class I, I, and V pol y-p mutants, DNA polymerase
activity in the pol y complex declined from 120% to 5% of wild-type as relative
processivities decreased from 619 nt to 45 nt.
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Recycling rate of the DNA polymerase, defined as the time required for template—primer
dissociation and rebinding, is important for overall activity. If the rate of recycling is low
even though processivity is moderate, the extent of nucleotide polymerization will be low.
Our results with class 111 pol y-p mutants likely reveal this situation; pol y complexes
containing class 11 mutants exhibited low activity (2-9% of wild-type) but had moderate
processivity (~140 nt apu). On the other hand, pol y complexes containing class IV pol y-p
mutants retained moderate activity although their proces-sivities were low (~30-60 nt apu),
possibly because they have higher recycling rates as compared to the wild-type pol vy
complex. Our molecular model of the pol y//DNA complex offers an explanation for these
scenarios. As depicted in our model, pol y-p interacts with pol y-a through multiple sites to
form a closed complex encircling the dsDNA exiting the polymerase complex, thereby
resulting in increased DNA-binding affinity and processivity. However, this closed complex
creates a potential problem in repositioning the template—primer in the active site once pol y
dissociates. To do so, the holoenzyme may either open by a conformational change, or
disassemble to allow pol y-a alone to bind to the substrate, followed by reassociation of pol
v-p to form the fully functional replicative complex. Data bearing on these possibilities
derive from both published and current work. In the pre-steady-state kinetic study of
Johnson and co-workers, a dissociation constant for human pol y was reported to be 35(x16)
nM.? In our study, pol v holoenzymes reconstituted with class V pol y-p mutants were found
to have hydrodynamic properties similar to that of the wild-type holoenzyme (Figure 4),
arguing that the overall structure of the mutant pol vs is unperturbed. At the same time, the
appearance of pol y-a alone/DNA complex in the EMSA analysis with these pol y-p mutants
suggests that the stability of the DNA complexes formed with them is reduced. In contrast,
however, when we explored the stability of wild-type complexes using a large excess of
unlabeled challenge DNA in the EMSA analysis, we found that although the fraction of pol
v/IDNA complexes was reduced by ~50%, there was no evidence of subunit dissociation to
produce complexes of altered mobility (data not shown). Clearly, the issues of pol y
holoenzyme structure, stability and conformational change warrant further study, and have
general impact for understanding enzyme—-DNA interactions that require the control of ends
such as in DNA double-strand break repair.3* Indeed, during the preparation of this
manuscript, Bogenhagen and colleagues published a detailed physical characterization of the
human pol y holoenzyme that shows it to be a heterotrimer of the form ap,.3° Furthermore,
because of the high affinity of the pol y-B dimer for pol y-a, their study argues that it is
unlikely for other forms to exist in vivo. Nonetheless, a mutant pol y-p that lacks the two-
helix bundle domain important for dimerization binds to pol y-a in a 1:1 complex with high
affinity, and its inability to stimulate DNA synthesis suggests altered subunit interactions
and/or conformation.

In the current study, we argue that any mutation in pol y-p that alters its interaction with pol
v-a to form an open complex will likely change the recycling rate of the pol y complex
during DNA synthesis. Class IV pol y-p mutants are posited to have reduced interactions
with pol y-a and, therefore, DNA-binding affinity and processivity of the reconstituted pol y
complexes are low. However, the weak interaction of these mutants with pol y-a might
facilitate opening of the pol vy complex, thereby increasing the recycling rate and stimulating
polymerase activity. Class 11 pol y-p mutants represent three different substitutions in the
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same residue D433 that lies in the C-terminal domain, a key region for subunit interactions.
Mutations D433A, D433R, and D433K disrupt the local charge balance between residues
D433, R369, and R456, likely changing the local conformation within the C-terminal
domain in these mutants. Although they retain interaction with pol y-a as indicated by their
moderate DNA-binding affinity and processivity, these mutations likely alter the nature of
the subunit interaction, resulting in reduced recycling rate, either via limiting conformational
change or by decreasing reassociation rate with pol y-a upon dissociation. In contrast, the
pol y-p mutant D433E, in which Asp is substituted by the slightly larger but still negatively-
charged Glu residue, exhibited properties nearly identical with those of the wild type. When
D433 was replaced by Asn, neutralization of surrounding positively charged residues was
affected but still partially maintained, allowing this pol y complex to retain both moderate
processivity and polymerase activity.

To summarize, our molecular model of the pol v/DNA complex is corroborated by the novel
mutagenesis presented here. Our results indicate that human pol v-§ interacts with pol y-a to
form a closed complex that encircles the newly synthesized dsDNA exiting the complex to
increase processivity, and modulates the conformation and overall activity of the pol y
complex through multiple protein—protein and protein-DNA contacts. Further mutagenesis
and structural analysis of the human pol y holoenzyme will be of great importance in
establishing this novel processive mechanism.

Materials and Methods

Protein purification and crystallization

Overexpression, extraction and purification of human pol y-f for crystallography was as
described below for the pol y-p mutant proteins with the following changes: (1)
overexpression was performed in E. coli BL21 (F~, ompT, hsdS (r~g,m™g) gal, dcm); (2)
protein was eluted from the nickel-nitrilotriacetic acid (Ni-NTA)-agarose column by
successive washes with equilibration buffer containing 6.0 ml of 80 mM imidazole, 6.0 ml
of 140 mM imidazole, and 6.0 ml of 180 mM imidazole; and leupeptin was omitted from the
glycerol gradients. The glycerol gradient pool (fraction 111) was concentrated using a
Centricon-30 spin concentrator (Amicon) that was pretreated overnight with 5% (v/v)
Tween-20 and rinsed three times with deionized water before use, and the concentrated
fraction Il was frozen in liquid nitrogen and stored at —80°C.

Diffraction-quality crystals were grown using the vapor-diffusion method by mixing 8-11
mg/ml of protein sample with well solution containing 100 mM Tris—HCI (pH 7.5-8.5) and
7-10% (w/v) PEG 8000. These crystals diffracted to resolutions in the 4.8-3.1 A range, and
belong to either the trigonal or hexagonal space group.

Structure determination, refinement and analysis

X-ray diffraction data were collected at 100 K using a CCD detector at the ALS beam line
SIBYLS. Data were processed using HKL2000.38 The crystal diffracting to 3.1 A resolution
belongs to space group P3(2) with cell dimensions of a=b=101.79 A, ¢=170.28 A, and
a=p=90°, y=120°. The structure was determined by molecular replacement using
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MOLREP37 in the CCP4 suite, using the coordinates of mouse pol y-p (PDB code 1G5H),10
and refined using CNS.38 After iterative rounds of refinement and model building with
Xfit,39 the final structural model has an R factor of 23.3% and Ryee Of 28.5% with good
stereochemistry (rmsd (bond lengths)=0.0078 A, rmsd (bond angles)=1.48°). Structural
comparison was performed using the Dali server,0 or Pdbfit of Xtalview.3°

Calculation of electrostatic potential

Electrostatic potentials were calculated with the program UHBD,*! which uses finite
difference methods to solve the linearized Poisson—Boltzmann equation. A dielectric of 3 for
the protein, a dielectric of 80 for the surrounding environment, an ion exclusion radius of 1.4
A, and an ionic strength of 150 mM NaCl were used. Partial atomic charges for the
molecules were taken from the AMBER library, which includes polar hydrogen atoms.*2

Molecular modeling of the pol y/DNA complex

Molecular modeling was carried out using XtalView.3? The human pol y-B dimer was
superimposed with the structure of the ThrRS/tRNAT complex (PDB code 1QF6)! using
Pdbfit, by aligning the p-sheet of the C-terminal domain of monomer A (residues 374-388,
410-419, 438-445, and 452-466) with the corresponding B-sheet of the anticodon domain of
monomer A of the ThrRS dimer (residues 533-547, 566-575, 591-598, and 605-619). This
led to the placement of the tRNATNT on the surface of the pol y-p dimer with its anticodon
loop at the C-terminal domain of the pol y-f monomer A. Subsequently, the template-primer
DNA from the T7 DNA polymerase ternary complex (PDB code 1T7P)13 was docked onto
the surface of the pol y-B dimer by manually aligning the minor groove of the DNA
fragment with the minor groove at the junction of the tRNAT" molecule, leading to a model
of the pol v-p dimer associated with dsSDNA. Finally, the T7 DNA polymerase complex was
assembled with the pol y- dimer by superimposing the template-primer DNA within the T7
DNA ternary complex with the manually docked DNA on the pol y-f dimer. The resulting
pol v/DNA complex model consists of the accessory subunit dimer, T7 DNA polymerase
substituting for the catalytic subunit of pol y (pol y-a), and template-primer DNA.
Thioredoxin (the functional analog of pol y-B) in the T7 is not part of the pol y holoenzyme.

Production and purification of recombinant human pol y-B mutants

Nineteen mutants of pol y-B were prepared by standard PCR-based site-directed mutagenesis
of amino acid residues that are distributed widely over pol y-B, and are conserved among pol
v-p homologs from fly to man. The pol y-f mutants were expressed as His-tagged proteins in
E. coli XL-1 Blue and purified to near-homogeneity as described below. The purity of pol y-
B mutant proteins was analyzed by SDS-PAGE followed by staining with silver.
Reconstitution of human pol y holoenzyme with wild-type pol y-a and mutant forms of pol
v-p was analyzed by glycerol-gradient sedimentation as described below. Wild-type pol y-a
was prepared from baculovirus-infected Sf9 cells as described.3! Gradient fractions were
analyzed by SDS-PAGE, followed by immunoblotting with subunit-specific antisera as
described.

Expression of wild-type and mutant forms of human pol - for use in DNA polymerase
stimulation, DNA binding and processivity assays was performed in E. coli XL-1 Blue
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(recAl, endAl, gyrA96, thi, hsdR17, supE44, relAl, lac, (F/ proAB, Lacl9Z A M15, Tn10
(tet))) carrying the recombinant plasmid pQESL. Plasmid pQESL, which is pQE9-derived
and encodes wild-type pol y-B, was obtained from Dr William C. Copeland (Laboratory of
Molecular Genetics, National Institutes of Environmental Health Sciences, Research
Triangle Park, NC). pQESL was used as the template for PCR-based mutagenesis.

For pol y-p overexpression, E. coli XL-1 Blue cells containing pQESL were grown at 37 °C
with aeration, in Luria broth containing 100 pg/ml of ampicillin. When the bacterial culture
reached an absorbance of 0.6 at 595 nm, isopropyl-p-o-thiogalactopyranoside was added to
0.3 mM, and the culture was incubated further for 2 h. Cells were harvested by
centrifugation, washed in 50 mM Tris—HCI (pH 7.5), 10% (w/v) sucrose, centrifuged again
and the pellet was frozen in liquid nitrogen and stored at —80 °C.

For preparation of cell extracts and purification of recombinant human pol v-, frozen cells
were thawed on ice, and all further steps were performed at 0—4 °C. Cells were suspended in
1/30 volume of original cell culture in 35 mM Tris—HCI (pH 7.5), 150 mM NacCl, 25 mM
imidazole, 0.1% (v/v) Triton X-100, 1 mM phenylmethyl-sulfonyl fluoride, 10 mM sodium
metabisulfite, 2 ug/ml of leupeptin, and 7 mM B-mercaptoethanol, and lysed by sonication
with an Ultrasonic Processor model W-225 (Heat Systems, Ultrasonics, Inc.) for 20 pulses
using the microtip at maximum output and 50% usage, followed by cooling in an ice-water/
salt bath. The sonication was repeated twice, and the sample was then centrifuged at 20,0009
for 15 min. The resulting pellet was resuspended in 1/80 volume of original cell culture
volume, sonicated and centrifuged as described above, and then combined with the original
supernatant. The combined supernatant fluid (fraction I) was recovered for use as the soluble
fraction for Ni-NTA-agarose (Qiagen) chromatography.

Ni-NTA-agarose chromatography was performed by loading fraction I derived from 2 | of
induced cell culture onto 2.0 ml of precharged Ni-NTA resin equilibrated with 35 mM Tris—
HCI (pH 7.5), 500 mM NacCl, 25 mM imida-zole, 1 mM phenylmethylsulfonyl fluoride, 10
mM sodium metabisulfite, 2 pg/ml of leupeptin, 7 mM B-mercaptoethanol. Protein bound to
the resin was eluted by successive washes with equilibration buffer (12 ml of 25 mM
imidazole, 6 ml of 250 mM imidazole, and 6 ml of 500 mM imidazole). Fractions were
analyzed by SDS-PAGE followed by staining with silver, and fractions containing pol y-p
were pooled (fraction 1) and loaded onto two 12-30% glycerol gradients in 35 mM Tris—
HCI (pH 8.0), 100 mM NaCl, ImM EDTA, 1 mM phenyl-methylsulfonyl fluoride, 10 mM
sodium metabisulfite, 2 mg/ml of leupeptin, and 7 mM B-mercaptoethanol. Fractionated
gradients were analyzed by SDS-PAGE and fractions containing pol -3 were pooled
(fraction I11), and either stabilized by the addition of glycerol to 45% (v/v) for storage at —20
°C, or frozen in liquid nitrogen and stored at —80 °C.

DNA polymerase stimulation assay

Stimulation of pol y-a by mutant forms of pol y-p was assayed on singly primed M13 DNA
that was prepared as described.*3 Reaction mixtures (0.05 ml) were prepared in triplicate
and contained 50 mM Tris—HCI (pH 8.5), 4 mM MgCl,, 10 mM DTT, 100 mM KClI, 400
pg/ml of bovine serum albumin, 20 pM each dGTP, dATP, dCTP, and [3H]dTTP (1000
cpm/pmol), 10 pM (as nucleotides) singly primed recombinant M13 DNA, and ~0.25 unit
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(0.08 pmol) of human pol y-a. Human pol y-p was added in five and tenfold excess over pol
v-a.. Incubation was at 30 °C for 30 min. One unit of activity is the amount that catalyzes the
incorporation of 1 nmol of deoxyribonucleoside triphosphate into acidinsoluble material in
60 min at 30 °C using DNase I-activated calf thymus DNA as the substrate.

Gel electrophoretic mobility-shift assay

DNA binding affinity was assayed by a quantitative gel electrophoretic mobility-shift assay.
Human pol y was reconstituted with wild-type pol y-a and various mutant forms of pol v-
in the absence of template-primer DNA by incubation for 1 min at 30 °C in 20 pl of reaction
buffer (50 mM Tris—HCI (pH 8.5), 4 mM MgCl,, 5 mM dithio-threitol, 30 mM KCI). The
amounts of pol y-a were as indicated in Figure 5, and pol y-f mutants were added in
threefold molar excess over pol y-a. After reconstitution, 0.1 pmol of 5’-end labeled
template-primer DNA:

5-GACCCGATCTGATCCGATTCG-3
3-AACTGCTGGGCTAGACTAGGCTAAGCTATGC
TGCGCTCCAACC TA-5

was added, and the mixture was incubated further for 1 min at 30 8C. Bromophenol blue and
glycerol were added to 0.01% (w/v) and 5% (v/v), respectively, and the samples were
electrophoresed in a native 6% polyacryl-amide gel (13 cmx30 cmx0.075 cm) in 45 mM
Tris— borate (pH 8.3), 1 mM EDTA. After electrophoresis, the gel was dried under vacuum
and exposed to a Phosphor Screen (Amersham Biosciences). The data were analyzed by
scanning the Phosphor Screen using the Storm 820 Scanner (Amersham Biosciences), and
the volume of each band was determined by computer integration analysis using
ImageQuant version 5.2 software (Amersham Biosciences). Kq4 values were determined
using Origin 7.5 software (OriginLab), from the fraction of DNA bound in duplicate
samples derived from at least two independent experiments.

Analysis of products of processive DNA synthesis by gel electrophoresis

Reaction mixtures (50 ul) contained 50 mM Tris—HCI (pH 8.5), 4 mM MgCl,, 5 mM
dithiothreitol, 2100 mM KCI, 400 pg/ml of bovine serum albumin, 20 pM each dTTP, dCTP,
and dGTP, and 6.7 pM [a-32P]dATP (~1.3x10% cpm/pmol), 10 uM singly primed M13
DNA, and 20 ng (0.14 pmol) of pol y-a. Human pol y- was added in threefold excess (0.45
pmol) over pol y-a. Incubation was for 10 min at 30 °C. Products were made 1% (w/v) in
SDS and 10 mM in EDTA, heated for 4 min at 80 °C, and precipitated with ethanol in the
presence of 0.5 pg of tRNA as carrier. The precipitates were resuspended in 90 mM Tris—
borate (pH 8.3), 80% (v/v) formamide. Aliquots were denatured for 2 min at 100 °C and
electrophoresed in a 6% polyacrylamide slab gel (13 cmx30cmx0.15 cm) containing 7 M
urea in 90 mM Tris—borate (pH 8.3), 25 mM EDTA. Alternatively, the precipitates were
resuspended in 0.3 M NaOH, 20 mM EDTA, and aliquots were electrophoresed in an
alkaline 1.5% (w/v) agarose slab gel (13 cmx18 cmx0.7 cm) containing 30 mM NaCl and 2
mM EDTA in 30 mM NaOH, 2 mM EDTA. Approximately equal amounts of radioactivity
were loaded in each lane. Gels were washed in distilled water for 20 min, dried under
vacuum, and exposed to a Phosphor Screen (Amersham Biosciences). The data were
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analyzed by scanning the Phosphor Screen using the Storm 820 Scanner (Amersham
Biosciences), and the density of 19 distinct bands from duplicate samples was determined by
computer integration analysis using ImageQuant version 5.2 software (Amersham
Biosciences); the density of the bands was normalized to the nucleotide level to correct for
the uniform labeling of the DNA products, and the resulting DNA product strand lengths are
presented as apu (in nt) in Table 2.

Protein Data Bank accession number

The coordinates and structure factors for the human pol y accessory subunit have been
deposited in the RCSB Protein Data Bank with PDB code 2G4C. The coordinates for the pol
v/IDNA complex model are available upon request.
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pol DNA polymerase

apu average processive unit

dsDNA double-stranded DNA

ThrRS threonyl tRNA synthetase

HLH helix-loop-helix

T7 pol bacteriophage T7 DNA polymerase
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(d)

Figure 1.
Human pol y-B shares structural homology with E. coli threonyl tRNA synthetase (ThrRS).

(a) Ribbon display of the human pol y-f structure. The N and C-terminal domains and HLH-
3 domain of monomer A are colored light green, green, and cyan, respectively. Monomer B
is in gray. (b) Superposition of the N-terminal (upper panel) and C-terminal (lower panel)
domains of human pol y-p (blue) on the catalytic and anticodon binding domains of
ThrRS,* respectively. (c) RNA operator (yellow, PDB code 1KOG),12 tRNA (green, PDB
code 1QF6),11 and DNA (orange, PDB code 1T7P),13 were docked onto the electrostatic
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surface of the pol y-p dimer. (d) The electrostatic surface of the ThrRS dimer with bound
tRNA (green) and RNA operator (yellow). Surfaces in (c) and (d) are colored according to
electrostatic potential (red, —7.5kT/e™ to blue, +7.5kT/e").
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Figure2.
Structural model of the pol y holoenzyme/ template-primer DNA complex. Bacteriophage

T7 DNA polymerase in a ternary complex with template—primer DNA and ddGTP was
docked onto the surface of the accessory subunit dimer of human pol vy in three steps as
described in Materials and Methods. (a) Overview of the pol v/DNA complex. (b) A partial
view of the complex looking down the dsDNA helix. The dsDNA is represented by the
magenta spiral and bases. Here, pol y-f is presented in backbone structure with monomers
colored green and yellow, and mutated residues (see the text) colored as follows: class I,
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black; class I, magenta; class 1V, blue; and class V, red (class 111 not shown). T7 pol is in
blue ribbon with the exonuclease domain in orange; P, F, T and E designate the palm,

fingers and thumb subdomains, and the exonuclease domain, respectively. Thioredoxin in
the T7 complex is shown in gray for comparison, and is not part of the pol y holoenzyme.
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Figure3.
Amino acid sequence alignment of pol y-B. Amino acid sequence alignment of human (Hs),

mouse (Mm) and Drosophila melanogaster (Dm) pol v-B. Residues are shaded according to
the degree of similarity, with dark gray shading indicating identical residues, medium gray
shading indicating conservative substitutions and light gray shading indicating loosely
conserved residues. Mutagenized residues in human pol y-f are indicated in bold, and are
colored according to class (see Figure 2 and Table 2), with correspondingly colored arrows
indicating single mutants, and brackets indicating double mutants: class I, black; class 11,
magenta; class 111, yellow (D433); class IV, blue; and class V, red.
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Figure4.

Site-directed mutants of human pol y-B show reduced stimulation of the pol y-a catalytic

core. (a) SDS-PAGE of wild-type and mutant forms of human pol y-f; proteins were stained
with silver. Fractions were assayed at five and tenfold molar excess over the catalytic core

on singly-primed M13 DNA under standard conditions at 100 mM KClI, and the data from

triplicate samples were averaged to determine the level of stimulation of DNA synthesis

above that of the core alone. Roman numerals within brackets indicate the three structural

domains of human pol y-p. (b) Peak fractions obtained upon glycerol gradient sedimentation
of human pol vy reconstituted with wild-type pol y-a and the indicated mutant forms of pol -
[ that are representative of the low and moderate DNA binding affinity mutants in classes 11l
and V (see Table 2).
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Figure5.
Structural details of human pol y- mutants. (a) Mutant residues in the N-terminal domain of

pol v-B. (b) Local environment around residues E105 and G103 of pol y-f. (¢) Mutant
residues in the C-terminal domain of pol y-B. (d) Local charge balance at residue D433 in
pol y-p. Mutant residues are shown in color (see Figure 2 and Table 2): class I, black; class
11, magenta; class 111, yellow (D433); class IV, blue; and class V, red.
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Figure®6.

DNA binding affinity of human pol vy reconstituted with mutant forms of pol y-p.
Quantitative EMSA was performed using a 32P-labeled 21/45-mer primer-template and
wild-type catalytic subunit (pol y-a) reconstituted with various mutant forms of accessory
subunit (pol y-p) under standard conditions of DNA polymerase assay in the absence of
dNTPs as described in Materials and Methods. Reactions were incubated for 1 min at 30 8C,
and protein:DNA complexes were fractionated by electrophoresis in non-denaturing 6%
polyacrylamide gels. Gels were dried and subjected to Phosphorimager analysis. (a)
Representative EMSA analyses of strong (left), moderate (middle) and weak (right) DNA-
binding mutant holoenzymes. Lanes indicated as pol y-a contain the catalytic subunit alone,
which results in a band shift that is distinct from that of pol y holoenzyme shown in lanes
indicated as pol y. The remaining lanes represent titrations of reconstituted pol y
holoenzymes containing the indicated forms of mutant pol y-p. (b) Protein titration data for
19 mutant holoenzymes.
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Figure7.
Processivity of human pol vy reconstituted with mutant forms of pol y-B. Human pol y was

reconstituted using a threefold molar excess of various mutant forms of the accessory
subunit over wild-type pol y-a, and DNA synthesis was measured at 100 mM KCI on singly
primed M13 DNA. DNA product strands were isolated, denatured and electrophoresed in
denaturing 1.5% agarose (upper panel) and 6% polyacrylamide (lower panel) gels, and the
gels were exposed to a Phosphor Screen. Data (19 distinct bands) were quantified as
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described in Materials and Methods, and yielded the processivity values that are presented in
Table 2.
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Statistics for data collection and refinement

A. Data collection
Beamline
Wavelength (A)
Spacegroup
Cell dimensions

a(A)

b (A)

c(A)

a (deg.)

P (deg.)

v (deg.)
Resolution range? (highest
resolution shell) (A)
Number of unique reflections
Multiplicity
Completeness? (%)

Reym? (%)

Mean l/o(1)&

B. Refinement

RworkC (%)

Reeed (%)

r.m.s.d. from ideal value

Bond lengths (A)
Bond angles (deg.)

Ramachandran statistics (1588 residues)

Core region (%)

Allowed regions (%)

Generously allowed regions (%)

Disallowed regions (%)

ALS-SIBYLS
1.03320
P3(2)

101.79
101.79
170.28

90

90

120
50-3.26 (3.39-3.26)

33633
47
99.9 (100)

11 (61)

16.8(3.1)

0.0078
1.48

72.0
21.3
4.9
17

aValues in parentheses are for the highest resolution shell.

bRsym:z [i = (/3 1j where 1 is the it measurement and (Iy is the weighted mean of all measurements of I.
CR\,\,ork:zmd|F0bs(hkl) = Fcalc(hkD|/Y hklIFobs(hkl)| for reflections in the working data set.

d . . .
Rfree is the same as Ryork for 5% of the data randomly omitted from refinement.

Table 1
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