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ABSTRACT. Human proliferating cell nuclear antigen (hPCNA) containing a single amino acid substitution
at position 85, that of lysine for glutamate (E85K), was compared to wild-type (wt) hPCNA for its ability

to promote DNA synthesis by purified DNA polymerasépol ) both on unmodified templates and past
chemically defined template base lesions (translesion synthesis; TLS). Significant enhancement (up to
4—5-fold or greater) was seen but depended both on the exact PCNAYatbd tested and on the specific
nature of the template (e.g., unmodified versus lesion-containing; chemical nature of the template base
lesion). These results suggest that human PCNA, either mutated to contain lysine (K) at position 85 or
bearing similar primary mutations, would promote more secondary mutagenesis in cells and/or tissues
where PCNA is normally expressed at low levels relative tojp@ver an entire lifetime, such secondary
mutagenesis could be biomedically significant.

DNA polymerased (pol d)! is a eukaryotic enzyme  namely, the PCNA-mediated enhancement of the binding of
essential for both DNA replication and repair (for a review, pol 6 to DNA template-primers, and is hence unavoidable.
see refl). Proliferating cell nuclear antigen (PCNA) acts as Recent mutagenesis results willrosophila PCNA cor-
an auxiliary factor to increase the binding of pélto roborate this suggestion)(
template-primer DNA by at least2000-fold ). We suggest As a corollary, we suggested that certain mutations in
that this dramatically increases the_ _pro_cesswlty of pol human PCNA (primary mutations) might enhance PCNA
o-catalyzed DNA synthesis. Processivity is defined as the ynction and thereby enhance this putative mutator effect,
number of nucleotides incorporated by the polymerase per|eading to what would be, in essence, secondary mutations.

binding event. We also showed that,.in th“? PCM o: In other words, such PCNA “gain-of-function” primary
template-primer complex, PCNA resides “behind” pbl  tations would be expected to enhance paictivity as
while DNA synthesis takes place in “front3). well as processivity and, concomitantly, to enhance DNA

The stimulation of pold by PCNA, although essential,  synthesis beyond template base lesions (translesion synthesis;
appears costly. PCNA also acts on purified pob promote  TLS). This last property, if manifest in vivo, would lead to
several relatively unfavorable events, including both nucle- secondary mutations and, hence, to a mutator phenotype. It
otide analogue incorporation/nucleotide misincorporatn ( was shown by others that yeast cells harboring PCNA
and DNA SynthESiS paSt many otherwise blOCking template primary mutations indeed d|sp|ayed a mutator phenotgpe (
base lesionsy( 6). In the presence of unmutated (wild type; 12). PCNA appeared to promote mutagenesis by a variety
wt) human PCNA, calf thymus pod is 1-2 orders of  of mechanisms, all distinct from those we propose here. It

magnitude more error-prone than pol alone. It was  was also suggested by others that povas involved in
speculated that this putative “mutator” effect of PCNA arises pypass of template lesions in living human cell8,(14).

from the fundamental mechanism of polymerase stimulation :
poly ' In our laboratory, a novel screening assay was developed

to identify human PCNA (hPCNA) mutants that promoted
TThese studies were supported by Research Grant ES04068 fromenhanced TLS by calf thymus pdl(15). Although several
the National Institutes of Health. i i i S i i iFad i
* Address correspondence to this author. Telephone: 631-444-3067.3”7‘9'6 amino acid substitution mutations Wer.e .Identlfl.ed n
Fax: 631-444-6229. E-mail: paul@pharm.sunysb.edu. th|s_v_vay, one molecule, human PCNA containing lysine at
* Department of Pharmacological Sciences, University Medical position 85 instead of glutamate (E85K hPCNA), was
Center, State University of New York. expressed in large quantities and purified to apparent

§ Laboratory of Chemical Biology, Department of Pharmacological . : . . . .
Sciences, University Medical Center, State University of New York. homerne'ty for detailed biochemical comparison with wt

1 Abbreviations: pold, DNA polymerased; PCNA, proliferating hPCNA. We found that E85K hPCNA promoted enhanced
cell nuclear antigen; hPCNA, human proliferating cell nuclear antigen; pol ¢ activity on at least one model substrate as well as

TLS, translesion synthesis; E85K, glutamate at position 85 mutated to i
lysine; mAb, monoclonal antibody; wt, wild type; SDS, sodium dodecyl enhanced processivity on another and, as expected, enhanced

sulfate; PAGE, polyacrylamide gel electrophoresis: EDTA, ethylene- LS, particularly at re|aFiV9|y low PCNA/F)C_Ij ratios. This
diaminetetraacetic acid. last, varied TLS at various PCNA/pd ratios, has clear
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implications for tissue-specific effects. These implications incubation was initiated by addition of Mgg{to a final

are discussed. concentration of 8 mM, after which each was incubated for
10 min at 37°C. Each reaction also containedl ng of
EXPERIMENTAL PROCEDURES purified pol 6. Hence the molar ratio of PCNA:pa),

assuming native masses of 90 and 175 kDa, respectively,
ranged from~4.3- to 142-fold. In other words, at all PCNA:
d pol ¢ ratios where data were analyzed fully, PCNA was
present in molar excess. Other components were as indicated
on the figures. Before incubation and except where indicated,
the primer strands of nucleic acid template-primers wére 5
32P-labeled with bacteriophage T4 polynucleotide kinase in
the presence ofyF3?P]JATP. Primers and templates were
annealed essentially as previously describ26).(After
incubation, reaction products (& from each reaction; 10%
of each reaction) were subjected to standard denaturing
PAGE @2); they were visualized and quantified with a
Molecular Dynamics 445 S| Phosphorlmager using Im-
ageQuant software (Molecular Dynamics).

Sedimentatiorf-or sedimentation velocity analyses, linear
3.75 mL 206-40% glycerol gradients were formed over 0.1
mL of 80% glycerol in 11x 60 mm Beckman polyallomer
ultracentrifuge tubes. All solutions contained, in addition to
glycerol, 40 mM Bis-Tris, pH 6.8, 1 mM dithiothreitol, 6
mM MgCl,, and 40ug/mL BSA. Samples of 20@L each
and each containing 4.0 ng of highly purified PCNA (0.02
ug/mL or 0.7 nM, a concentration in the range of the lower
concentrations of PCNA used in our enzymologic assays)
were loaded and subjected to centrifugation at 54000 rpm
for 16.3 h at 4°C using a SW60.1 rotor. Fractions were
collected from the bottom of each tube and subjected to
standard trichloroacetic acid precipitation, iodoacetamide
treatment, and SDSPAGE. PCNAs, both wild type and the
E85K mutant, showed similar reactivity with mAb PC10 and
were detected (after acid precipitation, iodoacetamide treat-
ment, and SDSPAGE) by immunoblot analysis. Sedimen-
tation standards were detected by Coomassie blue staining.

Many of the materials and much of the methodology were
detailed previouslyZ—4, 6, 15—18). Oligonucleotides were
5'-end-labeled with T4 polynucleotide kinase (New Englan
BioLabs) in the presence of {*P]ATP (ICN Biomedical
or NEN Research Products). Unlabeled nucleotides and
deoxynucleotides were from Invitrogen. Acrylamide and
methylenebis(acrylamide) were from Eastman Organic Chemi-
cals; they were further purified for SBFAGE of proteins
by adsorption of impurities to activated charcoal and for
urea—PAGE of synthetic oligonucleotides by adsorption to
an ion-exchange resin. All other chemicals were of reagent
grade and were used without further purification.

Proteins DNA polymerase (composed of two subunits,
pl25 and p50) was purified to apparent homogeneity from
calf thymus according to published procedurés, (19).
cDNA coding for either wt (sequence Gf\GCGCCG-
GCAATGAAGATATCATT around the critical position of
the coding strand of PCNA cDNA,; the nucleotide to be
mutated is underlined) or E85K (sequenceé®GCGCCG-
GCAATAAAGATATCATT around the critical position; the
mutated nucleotide is underlined) mutant human PCNA was
cloned into pQE30, a bacterial expression vector conferring
an N-terminal His tag; both proteins were purified from an
Escherichia coliextract essentially as previously described
(20) but as recently modified for His-tagged macromolecules
(15). Mouse monoclonal anti-PCNA antibody (mAb) PC10
was from Oncogene Sciences (Uniondale, NY). Protein
structure data were analyzed using PyMOL software
(DeLano Scientific).

Immunoblot Analysesilmmunoblot analysis using the
Odyssey IR imaging system was essentially as specified by
the manufacturer (LI-COR Biosciences, Lincoln, NB) using
mouse mAb PC10 for detection of PCNA. Standard blotting Mass Spectrqscopy‘:amples Were run on a Voyager-DE
and blot processing procedures were otherwise used (e.g.> 1R (Applied Biosystems, Framingham, MA) MALDI-TOF

see re1). After sedimentation, virtually the entirety of each mass spectrometer system operateq in the linear mode.
fraction was first SDS-denatured, then concentrated by Proteins were dissolved in a 50% solution of ANC/0.3% TFA

precipitation with trichloroacetic acid, resolubilized, and  cOntaining sinapinic acid (5 mg/mL) and dried on a sample

finally subjected to SDSPAGE and immunoblot analysis. pl?te. A nitroglen Ia:jse_lr_r(])peratir}g att_337 nrlrtﬂwit3 nspulstet o5
Nucleic AcidsOligonucleotide templates and primers of rate was employed. “he accelerafing voltage was Set to

defined sequence were synthesized using conventional hosifv’ and a delay of 750 ns was used to accelerate ions into
horamidit?:,\ chemistr by Dr. F Johnsgn and collea pues the flight tube of the mass spectrometer. The mass scale was

E)Stony Brook) Beforg u)ée <’;1|| brimers were purifiedgby calibrated with bovine serum albumin (400 frpdl), and

standard denaturing PAGEZ). Where indicated, templates ~100 laser shots were used to produce each spectrum. These

contained, at defined positions, a modified tetrahydofuran experiments were repeated twice.
moiety (model abasic site28) or an 8-oxodeoxyguanosine RESULTS
residue 24). A single template contained, at most, one such
modified base. DNase | “activated” DNA was prepared  Structure, Purity, and Immunoreagtiy of both wt and
essentially as described®, 25). Mutant hPCNA.Shown (Figure 1A,B) are X-ray cystallo-
DNA Polymerase Incubationgissays of pold activity graphically determined structures of human PCNA reported
were performed essentially as previously descriligflénd by Gulbis et al. 27). Views both end-on (Figure 1A) and
explicitly as detailed in the figure legends. Briefly, the rotated 90 to display a side view (Figure 1B) are presented.
standard reaction mixture (5L final volume) contained On each, the location of the E85K mutation is indicated.
40 mM Bis-Tris, pH 6.7, 2 mM dithiothreitol, 10% glycerol, From the end-on view (Figure 1A), it can be appreciated
40 ug/mL bovine serum albumin, 40M each deoxyribo- that E85K affects the “inner ring” of PCNA, that region of
nucleoside triphosphate, 2 mM adenosine monophosphatehe molecule thought to be in intimate contact with the
(AMP), and 2 mM ethylenediaminetetraacetic acid (EDTA). double-stranded DNA template-primer situated behind the
Additional details are provided in the figure legends. Sample polymerase. It is also close to the monomeronomer
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gel blot

Ficure 1: X-ray crystal structure showing both the (A) cross section
and (B) side view of PCNA and including position of ES5@®)(

In (A), broken lines are drawn between different but adjacent
subunits in the crystal. (C) Coomassie blue staining after-SDS
10% PAGE showing the purity of both wt and ES5K mutant PCNA.
Also see Figure 6C of Zaika et all%). Migration relative to size
standards indicated an apparent mass-86 kDa. Each lane was
loaded with 140 ng of protein. (D) Immunoblot of samples subjected
to SDS-10% PAGE in parallel with those shown in (C). Each lane
was loaded with 4 ng of PCNA, either wt or the E85K mutant, as
indicated.

interface. From the side view (Figure 1B), it is clear that
the E85K mutation is located on the “back” side of PCNA,
facing away from the direction of polymerase-catalyzed DNA
synthesis.

Both wt and E85K-containing human PCNA were engi-

neered for bacterial expression and purified to near homo-

geneity fromE. coli extracts. After purification, samples of
each were subjected to SBBAGE followed by Coomassie
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Ficure 2: Effect of both wt and E85K hPCNA on activity with

an unmodified template. (A) The sequence as well as the annealed
structure of the 3821-mer template-primer substrate is shown. The
21-mer primer was '52P-labeled for detection. Activity was
monitored by primer extension after standard utBAGE and
Phosphorimager analysis. (B) Representative primary data from the
experiment plotted in (C) are shown, both without PCNA (lane 1)
and after addition of either 1.4Z3/mL wt (lane 2) or 1.42¢g/mL
E85K hPCNA (lane 3). (C) Graphical quantification comparing
stimulation of purified calf thymus pal by either wt @) or E85K
hPCNA @). Only the two species indicated by arrows in (B) were
quantified; quantification was performed for all amounts of PCNA
added as indicated.
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Ficure 3: Cosedimentation of wt and E85K hPCNA. Positions of
sedimentation standards$-¢alues) are as indicated by down-
pointing arrows above the immunoblot shown. Positions of standard
proteins were determined by SBBAGE and Coomassie blue
staining. hPCNA, both wt and E85K mutant, was detected by
immunoblot analysis with mAb PC10 after SB$0% PAGE. Only

the blot region of interest is shown.

bands shown, particularly evident upon immunoblot exami-
nation (Figure 1D). In our experience, there is no difference
between Coomassie blue mobility and immunoblot mobility,
for either wt or E85K PCNA (not shown). To compare
SDS-PAGE migration of wt versus E85K-containing
hPCNA, subjecting both to electrophoresis in the same lane

blue staining. The purity of each was demonstrated, althoughof a polyacrylamide gel is far more effective (see Figure 3).

slightly different SDS-PAGE mobilities were seen for the
wt versus mutant polypeptides (Figure 1C). This mobility
difference was reported previouslyq). By mass spectros-
copy, each polypeptide was similar [30075.6 Da for the wt;
30055.3 Da for the mutant; 30083.8 Da predicted for the

The two can clearly be distinguished as shown (Figure 3).
Stimulation of Calf Thymus DNA Polymeradeby wt
versus E85K Mutant hPCNA on Unmodified (Nonlesion-
Containing) Template-PrimersTo explore the in vitro
activities of wt versus E85K hPCNA, assays with highly

His-tagged wt construct used, assuming a subunit mass ofpurified calf thymus pold (two-subunit form) were per-

29261 Da 28)] (not shown; representative results from a

formed. We determined the ability, as a function of PCNA

single experiment are reported). Each showed similar reac-concentration, of a constant amount of goto extend a

tivity with mouse mAb PC10 (Figure 1D).
We think it important to note that direct comparison of

5'-32P-labeled 21-mer primer annealed to an unmodified
(nonlesion-containing) 30-mer synthetic oligonucleotide tem-

Coomassie blue stain versus immunoblot mobilities cannot plate. Since~1.0 ng of pold was included in each 56L

be reliably performed on the basis of the data in Figure 1C,D;

it is made more complicated by the slight distortion of the

incubation, PCNA was always present in considerable molar
excess, even at the lowest concentration of PCNA used (a
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minimum of more than 4-fold assuming a mass for the PCNA
trimer of ~90000 Da). Results indicated that, using an
appropriately primed, unmodified synthetic oligonucleotide
template (structure shown in Figure 2A) and at all levels of
PCNA tested, EB5K hPCNA was considerably more effective
than wt at stimulating the activity of calf thymus pél
(Figure 2B,C). Stimulation by the E85K mutant above wt
hPCNA was consistently about 4-fold. Representative results
from a single analysis are shown. To ensure reproducibility,
experiments were repeated three times.

Curiously the effect of wt versus E85K hPCNA on calf
thymus pold was not seen with DNase | activated DNA.
We think it noteworthy that activated DNA is generally not
used to demonstrate stimulation of pblby PCNA, since
this substrate contains only limited and highly variable
lengths of single-stranded template DNA. Stimulation is
hence minimal and very difficult to reproduce among
different laboratories. Nevertheless, with this otherwise
commonly used substrate, wt and E85K hPCNA both
stimulated pob activity substantially (as much as 5-fold or
more) and behaved similarly at several concentrations (not
shown). PCNA is thought to function as a trimer. Our results
with DNase | activated DNA hence exclude trivial explana-
tions, such as effects of mutation on the PCNA monomer/
dimer/trimer equilibrium, for the difference between wt and
E85K hPCNA,; such explanations (mechanisms) would be
expected to affect activity on all substrates similarly (also
see below for results with other template-primers).

Upon Ultracentrifugation under Conditions Used in Our
Assays, both wt and hPCNA Containing the E85K Mutation
Behae Similarly. We also used ultracentrifugation to
compare the native (nondenatured) proteins directly; upon
sedimentation through linear glycerol gradients, both wt and
E85K hPCNA behave similarly (Figure 3). When subjected
to sedimentation at extremely low protein concentrations,
similar to those used in reactions with purified PoIPCNA
sedimented at about 4.3 S (not shown). Indeed, it appeare
from initial analyses that wt hPCNA sedimented slightly
faster than its mutant counterpart. Because wt and E85K
hPCNA migrate slightly differently upon 1D SDFAGE
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Ficure 4: Effect of both wt and E85K hPCNA on pab
processivity with a poly(dApligo(dT) template-primer. All assays
were performed with (dA)ooannealed to (dT}-1g at a molar ratio
(nucleotide) of 40:1. (A) After routine incubation in a final volume
of 50 uL, 5 uL of each sample was subjected to standard trea
PAGE and Phosphorimager analysis. Individual incubations con-
tained the following (per 5@L total): lane 1, no PCNA; lane 2,
35 ng of wt hPCNA,; lane 3, 70 ng of wt hPCNA; lane 4, 140 ng
of wt hPCNA; lane 5, 35 ng of E85K hPCNA; lane 6, 70 ng of
E85K hPCNA; lane 7, 140 ng of EB5K hPCNA. (B) Data shown
in (A) were quantified by first determining the amount of
radioactivity in each of the two bracketed regions and then plotting,
for each incubation condition, product in the-65500 nt region

fivided by product in the 65~500 nt region plus unextended

primer (in the 12-18 nt region). nt, nucleotide. PCNA added to
each incubation was as indicated.

32P-labeled primers with unlabeled dNMPs. Processivity was

(15), we were able to sediment both together in the same reflected by the average size of the product synthesized since
ultracentrifuge tube and separately detect them subsequentlyincubations all contained a vast molar excess of template
Results of this analysis (Figure 3) confirm the fact that wt annealed to primer relative to both pdland PCNA. In

sediments slightly ahead of E85K hPCNA. We noted that addition, because end-labeled primers were used for detec-
the recovery of E85K mutant PCNA was reproducibly tion, our analyses were unbiased; all products, both shorter
somewhat less than seen for wt. This observation is of and longer, were visualized with equal sensitivities. Proces-
uncertain significance. Representative results from a singlesivity enhancement is dependent on the concentration of

analysis are shown. This experiment was repeated twice.
The Biochemical Mechanism by Which both wt and
hPCNA Containing the E85K Mutation Stimulate Purified
Calf Thymus DNA Polymerase To elucidate further, the
biochemical mechanism by which, relative to wt, E85K
hPCNA leads to increased stimulation of calf thymusdol

PCNA added; that can be seen for the wt protein (Figure
4A, lanes 2-4). Comparison with results obtained with E85K
hPCNA (Figure 4A, lanes-57) suggests that processivity
increases occur at significantly lower PCNA concentrations
than with wt. This impression was obtained by visual
inspection. To confirm, data shown in Figure 4A were

we investigated effects on polymerase processivity using aquantified, thereby normalizing for the amount of material

poly(dA)-oligo(dT) template-primer. Processsivity is defined

loaded in each lane, and plotted (Figure 4B). An identical

as the number of nucleotides incorporated each time theconclusion was drawn; i.e., relative to wt, EB5K hPCNA

polymerase binds its template-primer. wt PCNA is thought
to stimulate pold by enhancing polymerase processivity
through enhanced template-primer binding (seegfalso
see ref®, 17, and30—32). As with the above investigation
of pol § activity on 30-21-mer (Figure 2), catalysis was
monitored by denaturing PAGE using an extension ‘ef 5

dramatically enhances the processivity of poRepresenta-
tive results from a single analysis are shown. This experiment
was repeated twice.

Stimulation of Calf Thymus DNA Polymeradeby wt
versus E85K Mutant hPCNA on Primed, Lesion-Containing
TemplatesThe behavior of wt versus E85K hPCNA on calf
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e € s FiGURE 6: Effect of both wt and E85K hPCNA on TLS with the
model abasic site in the template. The-&1-mer template-primer
o o5 : e shown in Figure 5A was used as substrate. X designates the abasic
 [PCNA] (ugimi) ' site. Stimulation of purified calf thymus p@d was by either wt

(®) or E85K hPCNA [0); for details, see the legend for Figure
2C.

FIGURE5: Effect of both wt and ES85K hPCNA on TLS with 8-oxo- PCNA concentrations (Figure 6; 3.2-fold stimulation at 0.044
dGMP in the template. See the legend to Figure 2. (A) The 30 ug/mL PCNA versus 1.2-fold at 1.42g9/mL). The experi-
21-mer template-primer was used as substrate. X designates thgnent shown in Figure 6 was performed with a primer

8-0x0-dGMP residue. The 21-mer primer was’®-labeled, and - . ; S
primer extension activity was monitored by Phosphorimaging after terminated immediately before the template abasic site.

standard ureaPAGE. (B) Representative data from the experiment Reépresentative results from a single analysis are shown. To
plotted in (C), both without PCNA (lane 1) and after addition of ensure reproducibility, experiments were repeated three
either 1.42ug/mL wt (lane 2) or 1.4:g/mL E85K hPCNA (lane  times. The same primer was annealed to the 30-mer template

3). (C) Stimulation of purified calf thymus pal by either wt @) containing an abasic site at position 5. Results similar to those
\c/)vrelrzszﬁahnl?i%g(f ). Only the species indicated by arrows in (B) shown (Figure 6) were obtained (not shown).

thymus pol 6 was studied with two lesion-containing DISCUSSION
templates, one with an 8-oxo-dGMP residue in place of an  \We here compare wt human PCNA with mutant PCNA
unmodified dNMP (dAMP) at position 9 and the other with  expressed from a human PCNA cDNA clone bearing a single
a modified tetrahyrofuran residue (the model abasic site nucleotide point mutation (G372A) leading to the single
hereafter referred to simply as an abasic site) at position 9amino acid replacement of lysine for glutamate at position
of the template. The precise structure of the template-primer85 (E85K hPCNA). Glutamate 85 is located on the inner
used for each experiment is shown (Figure 5A). Results with ring of PCNA facing away from both p@l and the direction
the primed 8-oxo-dGMP-containing template are shown in of DNA synthesis (Figure 1). On the basis of this location
Figure 5. Notably extended DNA synthesis beyond a and the chemical nature of the change (negative charge being
template 8-oxo-dGMP, although highly dependent on PCNA changed to positive), we would speculate that ES5K hPCNA
as previously reportedy, was stimulated more at the lower binds more tightly to DNA than does wt and, thereby, forms
PCNA concentrations when we compared the E85K mutant a more stable pod-PCNA-template-primer complex. We
with wt (Figure 5C; 4.4-fold and 5.1-fold stimulation at 0.044 suggested this previouslyLg). As with enzyme-catalyzed
and 0.089ug/mL PCNA, respectively). At higher PCNA  reactions in general3@), a more stable pob-PCNA:
concentrations, this difference between wt and the E85K template-primer complex can lead either to an increase in
mutant was substantially less (Figure 5C; 1.6-fold stimulation net activity due to increased enzyme productivity or to an
at 1.42ug/mL PCNA). Representative results from a single activity decrease due to enzyme trapping in an overly stable
analysis are shown. To ensure reproducibility, experiments enzymesubstrate complex. Specifically in the case of DNA
were repeated three times. polymerased, an overly stable pa)-PCNA-template-primer
The experiment shown in Figure 5 was performed with a complex could result in inhibition of enzyme translocation
primer terminated immediately before the template 8-oxo- and diminution of product production. Also unique to a DNA
dGMP. This resulted in analysis of pétcatalyzed incor- polymerase, such effects may be nucleic acid template-
poration from a so-called “standing start” on the DNA primer-specific. For example, it seems likely that activity
template-primer. To study the behavior of a polymerase could be stimulated on one substrate (such as the230
potentially engaged in DNA synthesis before encountering mer used here; see below) and not on another (e.g., DNase
a lesion, i.e., from a so-called “running start”, the same | activated DNA).
primer was annealed to a 30-mer template containing an In the present study, both E85K and wt hPCNA stimulated
8-0x0-dGMP residue at position 5 (instead of position 9). the activity of the purified two-subunit form (containing only
Results quite similar to those shown (Figure 5) were obtainedthe 50 kDa subunit and the 125 kDa subunit) of calf thymus
(not shown). pol 6 (17). Indeed, on the 3621-mer synthetic oligonucle-
Results with the primed abasic site-containing template otide template-primer, we found that mutant E85K hPCNA
are shown in Figure 6. As with the 8-oxo-dGMP-containing was substantially more effective than wt; enhancement of
template, DNA synthesis beyond the lesion was stimulated product formation by the mutant was relatively similar at
most when we compared the E85K mutant with wt at low all PCNA concentrations tested (Figure 2). Hence we would
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consider E85K to be potentially a gain-of-function mutation. 1A), the nearest adjacent subunit residue in the crystal is
Consistent with increased activity stimulation, we found that R146 (14.5 A between the-carbons of E85 and R146). If
the mutant E85K hPCNA was also demonstrably more there were significant changes in trimer stability when E85
effective than wt at enhancing the processivity of pol  was changed to K, we would indeed predict destabilization
(Figure 4). and decreased activity. (3) We evaluated the native structure

At relatively low PCNA concentrations, the mutant E85K  directly under sedimentation conditions quite similar to those
hPCNA was significantly more effective than wt at promot- used for TLS reactions. Both mutant and wt behaved
ing pol 6-dependent DNA synthesis (TLS) beyond either comparably (Figure 3) and, consistent with the measured
8-0x0-dGMP or a single modified tetrahydrofuran (a model PCNAKp of ~21 nM (35), were apparently monomer#; (
abasic site) present in the template (Figures 5 and 6,12). Since only trimeric PCNA is thought to stimulate pol
respectively). However, at higher PCNA concentrations, the 6, the monomer to trimer conversion must occur in our
mutant E85K hPCNA and wt promoted more similar levels assays, perhaps at relatively low efficiency and/or only in
of TLS. This illustrates another possible in vitro scenario, the presence of other macromolecules such a$ @wid/or
i.e., stimulation under one condition (low PCNA concentra- DNA, but presumably with equal efficiencies for wt versus
tions) where complex formation may be rate-limiting but E85K hPCNA.
lesser effect where it may not (high PCNA concentrations).  Mutations in PCNA may be either dominant or recessive.
In this context, we think it is important to note that in vivo |t is thought that PCNA functions as a trimer, and hence, it
concentrations of both PCNA and pd) i.e., in the nuclei s possible that an effect such as enhanced TLS could be
of living cells, are likely to be vastly different than those manifest if only one or two of the three subunits were
optimized for use in vitro. For example, Morris and Mathews mutated and the other(s) wt. Clearly, a mutation found to be
(34) determined that there was about 0.19 ng of PCNA per dominant, i.e., where mixed mutant/wt trimers can form and
S-phase Hela cell. Based on a volume for the typical HeLa exert an effect, would be predicted to be much more
cell of 2000um?, we calculate that PCNA is present at a significant biomedically. Since at the low PCNA concentra-
concentration of at least 85 mg/mL, several orders of tions used for our sedimentation analysis both E85K and wt
magnitude higher than the concentrations typically used in hPCNA are apparently monomeric (Figure 3), results ob-
cell-free assays. On one hand, biological effects predictedtained do not address this question. By analyzing much larger
from in vitro biochemistry may be minimal or nonexistent amounts of PCNA, insight into this question may be
in living cells. On the other hand, they may be substantially obtained. That sufficient amounts of PCNA can be so
more dramatic than expected. analyzed was recently demonstraté®)( Mixing during

We also think it noteworthy that the mutant E85K hPCNA  translation and subsequent purification may also more closely
would be predicted to lead to considerably more TLS, and mimic in vivo events. Finally, in vivo (genetic) strategies
hence secondary mutagenesis, in tissues that naturallyare now being developed to test dominance directly.
expressed relatively low levels of PCNA compared with pol  pyring DNA metabolism in living cells, it has been shown
0. At this time, we are unaware of any documented tissue- hat the so-called “clamp-loader” protein, RF-C, is required
specific differences in hPCNA:pob ratios. However, to load PCNA (the “clamp”) onto DNA at the template-
thorough immunochemical analyses are currently underwayprimer junction (for a review, see ré; see also reB7).
to evaluate this directly. Similarly, EBSK hPCNA would be  \ost of our in vitro results were obtained with short linear
expected to promote substantially more secondary mutagentemplate-primers (e.g., the 3@1-mer), thus precluding the
esis in individuals also harboring pdélpromoter mutations  eed for RE-C. It would be particularly interesting to repeat
coinci.dently, the_reby Ieg_ding to incregsed polymerase ex- gy experiments with a template-primer (e.g., a primed
pression, either in specific tissues or in general. single-stranded circular template) that required interaction

One plausible explanation for enhanced secondary mu-petween PCNA and a homologous clamp loader.
tagenesis promoted by primary PCNA mutations concerns
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