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ABSTRACT: Revl is a translesion synthesis (TLS) DNA polymerase essential for DNA damage
tolerance in eukaryotes. In the process of TLS stalled high-fidelity replicative DNA polymerases
are temporarily replaced by specialized TLS enzymes that can bypass sites of DNA damage
(lesions), thus allowing replication to continue or postreplicational gaps to be filled. Despite its
limited catalytic activity, human Revl plays a key role in TLS by serving as a scaffold that provides
an access of Y-family TLS polymerases poly, 1, and k to their cognate DNA lesions and facilitates
their subsequent exchange to pol{ that extends the distorted DNA primer—template. Revl
interaction with the other major human TLS polymerases, poly, i, k, and the regulatory subunit
Rev7 of pol¢, is mediated by Revl C-terminal domain (Rev1-CT). We used NMR spectroscopy
to determine the spatial structure of the Revl-CT domain (residues 1157—1251) and its complex
with Revl interacting region (RIR) from poly (residues 524—539). The domain forms a four-
helix bundle with a well-structured N-terminal $-hairpin docking against helices 1 and 2, creating
a binding pocket for the two conserved Phe residues of the RIR motif that upon binding folds into
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an a-helix. NMR spin-relaxation and NMR relaxation dispersion measurements suggest that free Revl-CT and Revl-CT/poly-
RIR complex exhibit ys-ms conformational dynamics encompassing the RIR binding site, which might facilitate selection of the
molecular configuration optimal for binding. These results offer new insights into the control of TLS in human cells by providing
a structural basis for understanding the recognition of the Revl-CT by Y-family DNA polymerases.

Reactive products of cellular metabolism and external genotoxic
agents such as ultraviolet (UV) irradiation cause persistent
damage to the genomic DNA, which is constantly removed
through various DNA repair mechanisms." Unavoidably,
however, some DNA modifications (lesions) are present during
the S-phase, creating blocks for progression of the DNA
replication machinery since spatially constrained active sites of
high-fidelity replicative DNA polymerases cannot accommodate
most types of DNA damage. To circumvent this problem,
organisms in all kingdoms of life have evolved DNA damage
tolerance pathways employing specialized translesion synthesis
(TLS) DNA polymerases that can insert nucleotides across
DNA lesions, thereby allowing replication to proceed while
temporarily leaving DNA damage unrepaired.””’ Growing
evidence suggests that an additional important component of
TLS DNA polymerase action is to fill postreplicational gaps
opposite lesions at the end of the cell cycle so that double
strand breaks are not generated during the next round of DNA
replication.® ">

The most intensively studied TLS polymerases are the Y-
family enzymes Revl, poly, poli, polk, and the B-family
polymerase pol{ (a complex of the catalytic Rev3 subunit with
Rev7).>”7 TLS polymerases lack 3’ — 5’ proofreading
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exonuclease activity, possess more accommodating active sites
than replicative DNA polymerases, and make a relatively
limited number of contacts with the template base and
incoming nucleotide."® These features allow them to insert
nucleotides across from a wide variety of DNA lesions that
would stall a replicative DNA polymerase. However, the ability
to replicate through altered bases comes at an expense of
fidelity. The nucleotide misincorporation rates of TLS
polymerases copying undamaged DNA are ca. 107'—107%
much higher than the misincorporation rates of 107°—107®
observed for pold and pole, the main replicative DNA
polymerases.”>'* Consequently, the access of these error-
prone TLS enzymes to primer termini is carefully regulated.
Certain TLS polymerases are specialized for the efficient and
relatively accurate insertion of nucleotides opposite particular
lesions,”™” termed cognate lesions. Examples of cognate lesions
include thymine—thymine cyclobutane pyrimidine dimers (T-T
CPDs) for polnls’16 and N2-dG adducts, such as N>
benzo[a]pyrene-dG (BaP-dG) adducts, for polk.'”'® Although
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these TLS polymerases can also replicate over certain
noncognate lesions as well, they do so in a more error-prone
manner. Furthermore, the bypass of many DNA lesions,
including bulky BaP-dG adducts, cisplatin (cisPt) adducts, and
[6-4] photoproducts ([6-4]PP), is accomplished via the
coordinated consecutive action of two different TLS DNA
polymerases.'” =" An inserter TLS polymerase (e.g., poly, 1 or
k) incorporates a nucleotide across the site of DNA damage.
This inserter polymerase is then replaced by another TLS
enzyme that extends from the distorted primer terminus
positioned across from the lesion. This extender role is
frequently carried out by poll, which is recruited to the primer
terminus in a process mediated by Revl.>**** Revl/pol(-
dependent TLS is responsible for most of the DNA damage-
induced mutagenesis in eukaryotic cells and contributes to
spontaneous mutagenesis as well.’>*> On the other hand,
certain DNA lesions such as cyclobutane pyrimidine dimers
(CPDs) or abasic sites can be effectively bypassed by a single
TLS enzyme. For example, poly alone can efficiently replicate
through T-T CPD, one of the common types of UV induced
lesions, in an essentially error-free manner.">'® Xeroderma
pigmentosum variant (XPV) individuals, who lack poly
function are highly UV-sensitive and cancer-prone.'® They
exhibit increased UV-induced mutagenesis due to more error-
prone polymerases carrying out TLS in the absence of the more
accurate poly.

Protein—protein interactions play critical roles in controlling
the access of TLS polymerases to their cognate DNA lesions
and facilitating polymerase switching during bypass replica-
tion.*”” Beyond their catalytic cores, Y-family TLS enzymes
possess auxiliary domains and motifs that are important for
their efficient interactions with one another and with the
DNA.>~7 TLS polymerases possess ubiquitin-binding motif
(UBM) or ubiquitin-binding zinc finger (UBZ) domains in
addition to the proliferating cell nuclear antigen (PCNA)
interacting motifs.”> These ubiquitin-binding domains play a
role in the recruitment of TLS DNA polymerases to PCNA
processivity clamps that have been mono-ubiquitinated at
Lys164 in a Rad6/Radl8-dependent fashion in response to
DNA damage.26 The PCNA-interacting protein (PIP) box
motifs of pol, 1, and k additionally contribute to the interaction
with mono-ubiquitinated PCNA, while Revl, which lacks a
consensus PIP-box motif, instead utilizes its N-terminal BRCT
(BRCA1l C-terminus), its polymerase associated (PAD) or
UBM domains for PCNA binding.27729 In addition, as
discussed in the detail in this paper, the C-terminal parts of
vertebrate poly, 1, kK contain Revl-interacting regions (RIRs),
consisting of short peptide motifs containing two consecutive
phenylalanines that bind to the Revl C-terminal domain
(Rev1-CT).*

The human Y-family Revl polymerase is a 1251 amino acid
(aa) protein that is notable for its role, along with pol¢, in most
DNA damage induced mutagenesis.”’ > The Revl catalytic
activity, however, is limited to inserting dCMP opposite a G
template or certain types of DNA lesions, and thus is
insufficient to explain its role in introducing mutations.*>”>°
Subsequent studies revealed that Revl possesses a “second
function” besides its catalytic ability that is important for TLS
and mutagenesis.36 This second, and more important, function
of Revl proved to be the recruitment and coordination of other
DNA polymerases during the process of TLS via specific
protein—protein interactions.”” Thus, Rev1 serves as a scaffold
that provides access for the Y-family polymerases #, 1, and « to
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their cognate DNA lesions and can also facilitate the
subsequent exchange to pol, which then extends the distorted
DNA primer terminus opposite the lesion. Remarkably,
previous studies of intermolecular interactions of Revl
fragments using yeast two-hybrid assays, co-immunoprecipita-
tion, and cellular colocalization revealed that Revl’s interaction
with the other three Y-family TLS polymerases, poly, 1, and «,
and with pol{ as well is mediated by a relatively small 100 aa
Revl-CT domain.’**” 7" The human Y-family polymerases 7, 1,
and « bind the Revl-CT with RIR peptide motifs that contain
two consecutive Phe residues.®® Such motifs are absent in the
Rev3 and Rev7 subunits of pol{ also known to interact with the
Revl-CT in vertebrates,> % suggesting that their mode of
Rev1-CT binding is different from that of polymerases #, 1, and
K. Previous reports suggest that the loss of S. cerevisiae Rev1-CT
has a detrimental effect on cell survival and results in a decrease
of mutagenesis after DNA damage.*' Although the crystal
structure of the central polymerase domain of both human and
yeast Revl have been solved, the critically important protein—
protein interaction Revl-CT domain was removed to facilitate
crystallization.**

The versatility of Revl-CT interactions renders character-
ization of this module critical for understanding the underlying
mechanisms of TLS. Here we report high-resolution spatial
structures of human Revl-CT domain (residues 1157—1251)
and its complex with Revl interacting region (RIR) from poly
(residues 524—539) determined by solution NMR spectrosco-
py, as well as a detailed characterization of conformational
flexibility of the free Revl-CT domain and the complex on
various time-scales using "N’ NMR spin-relaxation** and SN
NMR relaxation dispersion measurements.*> The functional
importance of particular amino acids to this interaction is
demonstrated through the use of yeast two-hybrid analysis.
Taken together, these data provide a rigorous structural basis
for understanding Revl interactions with human Y-family TLS

polymerases.

B EXPERIMENTAL PROCEDURES

Protein Sample Preparation for NMR Spectroscopy.
The gene encoding human Revl-CT domain (residues 1158—
1251 of Revl inserted after the cleavage site for TEV protease -
ENLYFQG), codon optimized for expression in Escherichia coli,
was custom synthesized (GenScript) and subcloned into pET-
28b(+) vector (Novagen) using NdeI—BamHI restriction sites.

The recombinant human Revl-CT was overexpressed in E.
coli BL21(DE3) cells. N/"C labeled protein for NMR
spectroscopy was produced by growing cells transformed with
Revl-CT plasmid in minimal M9 medium using '"NH,Cl and
BC-glucose as sole nitrogen and carbon sources, respectively.
Cells were grown at 37 °C to ODg, of 0.6—0.8 followed by
induction of protein expression by 1 mM IPTG overnight at 20
°C. After harvesting, the bacterial pellets were resuspended in
loading buffer containing 50 mM NaH,PO,, 250 mM NaCl, 10
mM imidazole, 1 mM PMSEF, pH 7.4. After the cells were lysed
by sonication, the soluble fraction was loaded onto a Ni**
affinity column and incubated for 1 h at 4 °C. After an extensive
wash with the loading buffer, the protein was eluted with the
buffer of the same composition, but containing 250 mM
imidazole. The His-tag was removed by TEV cleavage for 4 h at
20 °C or overnight at 4 °C in the presence of 2 mM DTT and
0.5 mM EDTA, followed by protein purification on a HiLoad
Superdex 75 column (GE Healthcare). After concentration, the
final sample of free Revl-CT domain contained 0.9 mM
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Table 1. NMR-Based Restraints Used for Structure Calculation of Revl-CT Domain and Revl-CT/poln-RIR Complex and

Structure Refinement Statistics

free Revl-CT

Summary of restraints

total NOE distance restraints
short range (li —jl < 1)

medium range (1 < li —jl < )
long range (li —jl > 5)
intermolecular

dihedral angles restrains (¢ and y)
hydrogen bonds

Structure refinement statistics
deviation from NMR-based restraints
NOE (A)

dihedral restraints (degrees)
deviation from idealized geometry
bonds (A)

angles (degrees)

Ramachandran plot favorable
rmsd, pairwise (A)

all residues

backbone atoms

heavy atoms

residues in regular secondary structure elements®
backbone atoms

heavy atoms

Rev1-CT/poly complex

1853 1526
1013 856/53%
468 315/9%
372 221/07
s1/21°
180 152/26%
46 40/4°
0.02 0.02
1.1 13
0.02 0.02
1.1 1.2
90.1% 90.3%
Revl-CT poly-RIR
0.87 + 0.16 1.08 + 0.19 2.58 + 1.03
1.35 + 0.14 1.83 +£ 023 340 + 1.00
0.53 £ 0.11 0.62 + 0.12 0.27 £+ 0.08
1.08 + 0.10 1.51 + 0.22 1.38 + 0.26

“Intramolecular restraints for Revl-CT/poly peptide. “Upper/low distance restraints. “Residues 1165—1178, 1184—1199, 1203—1219, 1224—1243

in Revl-CT, 532—539 in poly.

SN/BC labeled protein, 50 mM NaH,PO,, 100 mM NaCl,
025 mM EDTA, $ mM DTT, 0.05% NaNj, 10% D,0, pH 7.0.
Protein cleavage with TEV protease leaves an N-terminal Gly
residue, so that the resulting Revl-CT domain included
residues 1157—1251 of human Revl with Prol157 mutated
to Gly. The consistency of the protein sample was confirmed by
MALDI-TOF mass spectroscopy.

The complex of '"N/"C labeled Revl-CT domain with
custom synthesized (GenScript) 16 aa unlabeled peptide that
encompasses one of the two RIR regions of poly (residues
524—539; QSTGTEPFFKQKSLLL)* was prepared by grad-
ually titrating 25 mM peptide solution into 0.9 mM protein
sample. The binding was monitored by recording 'H—""N
HSQC spectra at each step of the titration. The final sample of
the complex contained 0.9 mM ISN/B3C Revl-CT - unlabeled
poly-RIR mixed in 1:1 molar ratio, 50 mM NaH,PO,, 100 mM
NaCl, 0.25 mM EDTA, 5 mM DTT, 0.05% NaN,, 10% D,0,
pH 7.0. At this protein concentration, about 89% of the protein
and the peptide are in the bound state, estimated assuming
dissociation constant Kp = 13 M for the complex reported in
previous studies.*

NMR Resonance Assignment and Protein Structure
Calculation. NMR spectra for the free "N/"*C Revl-CT
domain and its complex with the unlabeled poly-RIR peptide
were collected at 15 °C on Agilent VNMRS spectrometers
equipped with cold probes operating at 11.7 and 18.8 T
magnetic fields (500 and 800 MHz 'H frequencies). The
backbone and side-chain °N, *C and 'H resonances of Revl-
CT domain were assigned from 2D "H-"*N HSQC, 'H-"*C
HSQC and 3D HNCA, HNCACB, HNCO, HBHA(CO)NH,
HC(C)H-TOCSY, (H)CCH-TOCSY, '*N-edited NOESY-
HSQC and "“C-edited NOESY-HSQC (150 ms mixing time)
spectra.*® Two sets of experiments were performed (i) for the
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free ">N/3C Rev1-CT domain and (ii) for **N/**C Revl-CT-
unlabeled poly-RIR complex. The assignments of 'H NMR
resonances for poly-RIR peptide in complex with “N/"C
Revl-CT domain were obtained from 2D N,3C-filtered
TOCSY, COSY, and NOESY (250 ms mixing time) spectra,47
containing intramolecular 'H—'H correlations from the
unlabeled peptide, collected in both 90% H,0/10% D,O and
in 100% D,O buffers (COSY spectrum was recorded in D,0
buffer only). In addition, we have recorded 3D "*C-edited
SN, *C-filtered NOESY-HSQC spectrum, containing intermo-
lecular NOE correlations between *N/C Revl-CT domain
and the unlabeled poly-RIR peptide used for structure
determination of the complex.*” NMR spectra were processed
with NMRPipe*® and analyzed with CARA software.* Nearly
complete backbone 95% (94%) and side-chain 90% (90%)
resonance assignments were obtained for the free Revl-CT
domain (the complex).

Structure calculations for the Revl-CT domain and Revl-
CT/poly-RIR complex were performed in CYANA software.>
The restraints for the backbone dihedral ¢ and y angles were
derived from the backbone 'H, N, and *C chemical shifts
using the TALOS+ program.” Intramolecular "H—'H distance
restraints for the free and bound forms of Revl-CT were
obtained from 3D "*N- and *C-edited NOESY-HSQC spectra,
while intermolecular distance restraints and restraints within
the poly-RIR peptide were derived from 3D '3C-edited
ISN,3C-filtered NOESY-HSQC and 2D 'N,'3C-filtered
NOESY experiments, respectively. Intramolecular NOE
correlations for Revl-CT domain in free and bound states
were assigned automatically in CYANA, while protein—peptide
and interpeptide NOEs were assigned manually. Hydrogen
bond restraints were added on the basis of NOE analysis. A
total of 200 structures of the free Revl-CT domain and the

dx.doi.org/10.1021/bi300566z | Biochemistry 2012, 51, 5506—5520



Biochemistry

complex were generated, followed by refinement of 20 final
lowest-energy structures by short constrained molecular
dynamic simulations in explicit solvent using CNS software.>”
Table 1 summarizes NMR-based restraints used for structure
calculation of Revl-CT domain and the complex along with
structure refinement statistics.

NMR Characterization of Protein Dynamics. The
backbone N R,, R, (CPMG) and “N{'H} NOE NMR
relaxation measurements for the Revl-CT domain and its
complex with poly-RIR peptide were performed at 11.7 T
Agilent VNMRS spectrometer at 15 °C using the pulse-
sequences of Farrow et al.>* The delay between 180° refocusing
pulses of CPMG sequence in '*N R, experiment was set to § =
1 ms, corresponding to CPMG frequency vepyg = 1/(28) of
500 Hz. N R, and R, rates and their uncertainties were
obtained from exponential fits of peak intensities in a series of
eight 2D '"H—""N correlation spectra recorded at different
relaxation delays. '*N R, rates were numerically corrected to
take into account small systematic contributions due to off-
resonance effects of CPMG refocusing pulses.”* '"N{'"H} NOE
values were calculated as ratios of peak intensities in
corresponding 2D "H—"°N correlation spectra recorded with
and without 'H saturation using 8 s delay between scans to
ensure full recovery of "N longitudinal magnetization. To
account for possible systematic uncertainties in measured NMR
relaxation data the minimal errors of 2% for >N R,, R, rates
and 0.05 for N{'H} NOE values were assumed.

Overall rotation diffusion tensors for the free Revl-CT
domain and Revl-CT/poly-RIR complex and overall rotation
correlation time 7 = 1/(2(D, + D, + D,)) (D, i = x, y, z are
eigenvalues of rotation diffusion tensor) were calculated from
5N R, and R, data using the program DASHA.>® Specifically,
N R, and R, rates were globally fit to the models assuming
isotropic, axially symmetric, and fully anisotropic rotational
diffusion tensor.** Included in these calculations were the
residues with (i) nonoverlapped cross-peaks in 'H—'"N
correlation spectra, (ii) “N{'H} NOE > 0.6, and (iii)) "N
R, /R, ratios within mean +2 standard deviations. In both cases
the model of axially symmetric anisotropic rotation diffusion
was selected according to F-test at 10% significance level,
resulting in 7z = 8.96 & 0.07 ns (10.4S + 0.06 ns) and D,/D, =
D,/D, = 091 + 0.02 (0.84 + 0.01) for the free Revl-CT
domain (Rev1-CT/poly-RIR complex).

Pico- to nanosecond conformational dynamics of Revl-CT
domain in free and bound forms were assessed from the
analysis of "*N relaxation data using Lipari-Szabo model-free
approach***¢ performed in DASHA software.’> At this stage of
the data analysis the parameters of molecular overall rotation
were fixed to previously determined values, and '*N R;, R, and
“N{'H} NOE data were fit on a per-residue basis using the
models of spectral density function including the following
adjustable parameters: (i) {S*}, (i) {S% 7.}, (iii) {S? Re}, (iv)
{St’Z) SsZJ Ts}l and (V) {SZ; Tey REX}I where SZ) SfZ; and Ssz (SZ =
S7S?) are generalized order parameters describing angular
amplitudes of internal motions of N—H vectors, 7., 7, are
correlation times for fast ps and slower ns time-scale internal
motions, R, (below referred to as R.,,) is contribution to
transverse relaxation rate R, due to ps-ms conformational
exchange. Model selection was performed based on the values
of y* penalty function, describing goodness of relaxation data
fit, according to the protocol of Mandel et al.>’ (significance
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levels of 5% and 20%, respectively, were assumed for y* and F-
test).

The residues in free Revl-CT domain and its complex with
poln-RIR peptide exhibiting micro- to millisecond conforma-
tional exchange were identified based on R, ¢ values obtained
in model-free analysis of SN relaxation data.***® CPMG
sequence used in N R, experiment suppresses exchange
contribution to R, provided that 2mvcpyg > k., and
2mVcppg > Aw, where k., and Aw are exchange rate constant
and frequency difference between the exchanging states.*®
Therefore, R, s primarily reflect contributions to R, due to fast
us-ms conformational exchange with k, > 2mvcpyg accom-
panied by changes in NMR chemical shifts. To quantify R,
contributions to "*N R, due to slower ms time-scale exchange
we have performed N CPMG relaxation dispersion measure-
ments,*>? where the effective transverse relaxation rates Ry o
were obtained as a function of Ucpyg. N relaxation dispersion
profiles for the free Revl-CT and Revl-CT/poly-RIR complex
were recorded at 11.7 T (the free domain and the complex)
and 18.8 T (the complex only) magnetic fields with the pulse-
sequence of Hansen et al,** using a constant relaxation period
T = 30 ms and v¢pyg ranging from 33 to 1000 Hz. Relaxation
dispersion data measured at 11.7 T were least-squares fit to a
model of two-state conformational exchange as described
elsewhere.”’ The best-fit dependencies R, s “(Vcpyg) were
used to estimate exchange contributions R, 4 = R2,95C1°(33 Hz)
— Ry (533 Hz) to “N R, that complement model-free
derived R,, s measured at vcpyg of S00 Hz.

Yeast Two-Hybrid Analysis. Studies of protein—protein
interactions in the yeast two-hybrid system were performed in
the PJ69-4A strain of yeast.”> DNA fragments encoding the C-
terminal fragment of human Revl (amino acids from 1131 to
1249) and full-length human poly (amino acids from 1 to 713)
were subcloned into the pGAD-C1 (GAL4 AD) and the
pGBD-C1 (GAL4 BD) plasmids marked with leucine and
tryptophan respectively. The assay was performed by growing
strains harboring the two plasmids in 3 mL of media lacking
leucine and tryptophan for 2 days at 30 °C and spotting S uL of
cells on selective media plates lacking leucine and tryptophan
(-LW) and on medium also lacking adenine and histidine
(-AHLW) to score positive interactions. Interactions were
scored after 3 days of growth at 30 °C.

Site-directed mutations for yeast two-hybrid analysis were
generated according to the protocol of the Quikchange
Mutagenesis kit (Stratagene), except that we used an annealing
temperature of 50 °C and an extension time of 2 min/kb.
Mutations were verified by sequencing,

B RESULTS AND DISCUSSION

The Revl C-Terminus Is a Structured Domain That
Binds Human Y-Family DNA Polymerases. Previous
studies established that the C-terminal ~100 aa region of
DNA polymerase Revl (Revl-CT) is critical for DNA damage
tolerance in eukaryotes.”’ > However, removal of a fragment
of Revl containing this region does not alter the dCMP
transferase activity of yeast Revl in vitro,”> supporting the
notion that Revl plays a noncatalytic, structural role in
translesion synthesis (TLS) by coordinating the action of
other TLS polymerases through protein—protein interac-
tions.*”7** The binding of human and mouse Revl-CT
domain with each of the other vertebrate Y-family polymerases,
poly, 1 k, and with Rev7, the regulatory subunit of pol{ has been
demonstrated by multiple experimental techniques, including
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Figure 1. (A) "H-""N HSQC spectra of free '*N/"*C Revl-CT domain (red) and ""N/"*C Revl-CT complex with unlabeled pol;-RIR peptide
(blue) recorded at 11.7 T magnetic field, 15 °C. Inset shows the peak of Leu 1171 in "H—"*N HSQC spectra of a titration series recorded at different
ratios of peptide to protein. (B) Probability of a-helix, P(helix), in free (red) and poly-RIR bound (blue) Revl-CT domain predicted from the
backbone chemical shifts using the TALOS+ program®" plotted vs. residue number. (C) Order parameters S* for the backbone amide groups of free
(red) and poly-RIR bound (blue) Revl-CT domain predicted from the backbone chemical shifts using RCI approach.éé’é7 (D) Alignment of 16 aa
peptides comprising RIR regions of human poly, 7, k used by Ohashi et al.*® to identify minimal motif required for Revl-CT interaction
(underlined). The two consecutive Phe residues shown in the box are the only residues conserved in all four RIR regions found in human Y-type

DNA polymerases.

yeast two-hybrid assays, co-immunoprecipitation, and cellular
colocalization.’**” =% Although the Revl-CT domain is highly
conserved in eukaryotes, its ability to bind other Y-family DNA
polymerases has only evolved in higher organisms,®® in contrast
to the Revl-CT/Rev7 interaction, which has been reported in
eukaryotes from yeast to humans.’ Secondary structure
prediction and sequence alignment of Revl-CT from different
species suggested that the domain likely consists of four
amphipathic helices, which would have the potential for
forming a four-helix bundle, and identified several conserved
motifs that seemed likely to be involved in the hydrophobic
core of the domain and whose mutation impairs the function of
yeast REV1 gene in vivo.*!

Despite the wealth of biochemical and mutational data, the
detailed atomic-level picture of Revl-CT interactions with
other TLS polymerases has remained obscure due to the lack of
a high-resolution spatial structure of the domain. In order to
determine the solution NMR structure of the human Revl-CT
domain (residues 1157—1251), we have expressed and purified
SN/B3C labeled protein and performed its backbone and side-
chain resonance assignment using a standard set of triple-
resonance NMR experiments.46 Figure 1A shows 'H-"N
HSQC spectrum of the free Revl-CT domain (red) recorded at
11.7 T field at 15 °C, revealing a single set of well-dispersed
NMR resonances indicative of a structured protein domain.
NMR chemical shifts obtained at this stage of the data analysis
provide a plentiful source of information on local protein
structure and conformational dynamics. Thus, secondary
structure prediction based on the backbone 'H, "N, and *C
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chemical shifts using the TALOS+ program®" (Figure 1B, red)
confirmed that the domain consists of four a-helices, referred to
below as H1 to H4. Order parameters S* for the backbone
amide groups of the free Revl-CT (Figure 1C, red) that
describe the main chain conformational flexibility (S* = 1 for
fully restricted, 0 for unconstrained motions) were empirically
predicted from the backbone chemical shifts using Random
Coil Index (RCI) approach.®®®” High S? observed throughout
the protein sequence suggests rather limited mobility of the
domain on a ps-ns to ys time-scale.”” In contrast, the free Revl-
CT domain seems to be dynamic on a time-scale from s to ms.
At temperatures above 20—25 °C the quality of Revl-CT
spectra deteriorate significantly due to extensive line-broad-
ening indicative of ys-ms conformational exchange. Decreasing
the temperature to 15 °C improves spectra quality, although
the resonances from loops between helices HI-H2 and H3—
H#4 still remain broadened, some beyond the level of detection.

The Revl-CT domain has been previously shown to form
medium to weak affinity complexes with short peptide motifs
(Revl interacting regions, RIRs) from human Y-family DNA
polymerases 7, 1, and k containing two consecutive Phe residues
(Figure 1D) with dissociation constants (Kp) ranging from 8 to
69 uM.*® One RIR motif was identified in each of human polz
and polk, while two motifs were found in human poly (Figure
1D). In order to elucidate the structural basis for Revl-CT
interactions with human Y-family DNA polymerases, we have
performed NMR studies of the Revl-CT complex with a 16
amino acid peptide containing one of the two RIR motifs of
human poly (residues 524—539, line 1 in Figure 1D). Figure
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Figure 2. Three-dimensional structure of human Revl-CT domain (residues 1157—1251) determined by solution NMR spectroscopy. (A)
Superposition of the backbone folds of 20 final lowest-energy structures obtained in CYANA™ followed by refinement in explicit solvent by CNS
software.”> (B) Ribbon representation of Revl-CT structure showing the positions of four a-helixes of the domain. Side chains are shown for
residues that form core of the domain with less than 10% surface exposure and 10 A” accessible surface area (averaged over 20 best structures),
including Leu 1159, Ala 1162 from the N-terminal f-hairpin, Val 1168, Leu 1172 (rev1—108), Ile 1176 (revI—108) from a-helix H1, Val 1190
(rev1—110), Tyr 1193 (revI—110), Cys 1194 (revi1—110), Leu 1197, Ile 1198 from a-helix H2, Leu 1206 (revI—111), Val 1209 (rev1—111), Ile 1210
(revI—111), Met 1213, Leu 1216, Met 1217 from a-helix H3, Trp 1225, Ala 1228, Ile 1232, Val 1236, Leu 1240 from a-helix H4; underlined are
residues from four conserved S—6 aa residue regions, referred to as revI—108 to —111, identified by extensive sequence alignment of Revl-CT
domains from different eukaryotic species.41 (C) Electrostatic charge distribution on the surface of Revl-CT domain (blue is positive, red is
negative). Encircled is a pocket on the surface of the domain that accommodates FF residues of RIR motifs of Y-family polymerases.

1A shows the "H—"*N HSQC spectrum of the Rev1-CT/poly- and H3—H4 loops exhibit somewhat less broadening due to ys-
RIR complex (blue) superimposed on the spectrum of the free ms conformational exchange. Chemical shift changes upon the
domain (red). The backbone and side-chain NMR resonance complex formation are observed in the region of the Revl-CT
assignments for ""N/"3C labeled Revl-CT in complex with the domain comprising helices H1 and H2, as well as in the N-
unlabeled poly peptide were obtained as described above for terminal part preceding helix HI, suggesting that this part of
the free domain, while 'H resonances of the peptide were the domain is involved in Y-family polymerase binding.

assigned from a set of filtered 2D '"H—'H experiments. The Titrations of Revl-CT domain with increasing amounts of

analysis of the backbone 'H, '*N, and "*C chemical shifts of poln-RIR peptide monitored by 'H—"*N HSQC spectra suggest
Revl-CT domain bound to poly-RIR peptide suggests that that the binding process is slow on the NMR time-scale.

neither secondary structure (Figure 1B, blue) nor backbone Namely, peaks corresponding to free Revl-CT decrease in
amide order parameters S* that report on main chain dynamics intensity and ultimately disappear, while peaks of the bound
(Figure 1C, blue) change significantly upon the complex form show up in new places in spectra and increase in intensity
formation. On the other hand, NMR resonances from H1-H2 with increasing the peptide concentration (as illustrated in the
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Figure 3. Spatial structure of the complex of human Rev1-CT domain (residues 1157—1251) with RIR containing peptide from DNA polymerase 7
(residues 524—539). (A) Superposition of the backbone folds of 20 final least energy structures. Also shown are side-chains of Phe 531 and Phe 532
of poly critical for interaction with Rev1l-CT. (B) Superposition of NMR structures of free Revl-CT domain (light colors) and Rev1-CT/pol-RIR
complex (saturated colors). (C, D) Interaction interface of Revl-CT domain complex with poly-RIR peptide. Side chains of Rev1-CT residues that
contribute 5 A” or more (averaged over 20 best structures) to intermolecular interaction interface are shown on plot D.

inset to Figure 1A for Leu 1171). In the case of two-state
chemical exchange between equally populated states, two peaks
are observed in the NMR spectrum of a nucleus if the forward
and reverse rates k for the process are slower than Aw/2?
(coalescence point), where Aw is frequency difference between
the exchanging states.”® Separate peaks as close as 0.03 ppm
("H) corresponding to free and bound Rev1-CT are observed
in 1.7 T '"H-""N HSQC spectra recorded at about 1:0.5
protein/peptide ratio, suggesting that association k,,[L] ([L] is
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concentration of free peptide) and dissociation kg rates for
Revl-CT/poly-RIR interaction are slower than ~33 s7L
Assuming the previously reported Ky = 13 uM>® and total
protein and peptide concentrations [Py] = 0.9 mM and [L,]
0.45 mM, respectively, one can estimate the upper limit for k,
of Rev1-CT/poly-RIR association as 2.7 X 10° M~ s™!, which
is of the same order of ~10° M™' s™! expected for diffusion
controlled protein association.” This observation suggests that
the Revl-CT/poly-RIR association is likely somewhat slower
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than diffusion controlled, potentially pointing to a barrier
crossing event due to rearrangements of interaction partners.

Structure of the free Rev1-CT Domain. Figure 2 shows
the spatial structure of the human Revl-CT domain (residues
1157—1251) as determined by solution NMR spectroscopy.
The ensemble of 20 least-energy structures of the domain
(Figure 2A) is in excellent agreement with the input
experimental data, displaying mean pairwise rmsd for the
backbone atoms of regular secondary structure elements of 0.53
A, and exhibiting minimal violations of distance/torsion angle
restraints and deviations from idealized molecular geometry
(Table 1). As expected, the domain adopts a four-helix bundle
fold with helices H1, H2, H3, and H4 spanning the residues
1165—1178, 1184—1199, 1203—1219, and 1224—1243, re-
spectively (Figure 2B). The N-terminal eight residues (1157—
1164) of the domain preceding a-helix H1 form a rigid type I'
P-hairpin stabilized by two hydrogen bonds between Leu 1159
and Ala 1162 (NH,;59—CO, 16 COj150—NHjjs,). The p-
hairpin tightly packs against helices H1 and H2, resulting in
multiple long-range NOE contacts between Leu 1159—Val
1163 and Asn 1166, Asp 1167, Val 1168, Leu 1172 in a-helix
H1, and between Leu 1159 and GIn 1189 in a-helix H2. Two
hydrophobic residues in the f-turn, Ala 1160 and Gly 1161,
together with hydrophobic side chains of Leu 1171, Trp 1175
from helix H1 and negatively charged Asp 1186 from helix H2
form a pocket on the surface of the domain (Figure 2C, left
plot) capable of accommodating FF residues of RIR motifs of
Y-type DNA polymerases (see below). It is notable that this
region comprised of residues from the N-terminal f-hairpin and
helices H1 and H2 exhibits the largest NMR chemical shift
change upon poly-RIR peptide binding. Figure 2C shows
electrostatic charge distribution color mapped onto the surface
of Revl-CT domain. In addition to hydrophobic/negatively
charged pocket described above located between helices H1
and H2, there is a large positively charged patch on the
opposite side of the molecule formed by side-chains of Lys
1169 and Arg 1173 from helix H1 and Lys 1211, Lys 1214, and
Arg 1215 from helix H3.

Side-chains of residues with solvent exposure less than 5%
and an accessible surface area less than 10 A® that form the core
of the Revl-CT domain are shown in Figure 2B and are listed
in the figure caption. Beyond side-chains buried in the
hydrophobic core of the four-helix bundle, several residues
form the interface between the N-terminal S-hairpin and a-
helices H1 and H2. Recently, extensive sequence alignment of
Revl-CT domains from multiple eukaryotic species identified
five conserved 5—6 residue regions within Revl C-terminus,
referred to as revI—108 to rev—112.*" Alanine-patch mutations
of four of these regions (revI—108 — revl—111) in yeast Revl-
CT completely abrogate the function of the REV1 gene in cell
survival after DNA damage induced by UV or methanesulfo-
nate (MMS) exposure.*" It is interesting to note that each of
the rev1—108, revl—110, and revl—111 regions in the human
Revl-CT contain 2—4 residues from the core of the domain
(see caption to Figure 2). Simultaneous mutations of multiple
core residues therefore may cause significant destabilization of
the domain. Provided that the core of Revl-CT is conserved
among eukaryotic species, this observation explains why
mutations of revl—108, revl—110, and revI—111 in yeast are
equivalent to loss of the whole domain and, once again,
underlines the importance of Revl-CT domain for DNA
damage tolerance in eukaryotes.
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Structure of Rev1-CT/poly-RIR Complex. The finding
that vertebrate Revl-CT directly interacts with the three Y-
family DNA polymerases, poly, ¢ and k, sparked a search for
Revl binding sequences (RIR motifs) in eukaryotic Y-family
DNA polymerases.’*>”~* This search proved nontrivial. As
shown in Figure 1D, there is limited sequence homology
among the four RIR regions found in human Y-family
polymerases. On the basis of mutational analysis and
truncations of RIR containing peptides, Ohashi et al*®
described the minimal RIR region as yyyFFxox (underlined
in Figure 1D), where F is a phenylalanine residue, y is any
amino-acid, and x is any amino acid but a proline. The two
consecutive Phe residues are conserved among RIR regions,
and substitution of any of them to Ala results in complete
abrogation of RIR—Rev1-CT binding. In 3 of 4 RIRs found in
human Y-family enzymes (Figure 1D), the FF sequence is
preceded by Ser whose mutation in polk decreases but does not
abolish Rev1-CT interaction.”® Intriguingly, while there is no
obvious sequence conservation in the region C-terminal to the
FF motif, studies of the truncated RIR peptides suggest that at
least four residues must follow the FF sequence in order to
efficiently bind Revl-CT. Mutation of any of the four residues
to Ala has no effect on Revl interaction, yet substitution of any
of them to Pro results in a complete loss of Revl interaction,
suggesting that main chain conformation of RIR peptides is
important for binding rather than specific side-chain contacts
(beyond those formed by FF residues).*

To ascertain the mechanism of Revl recognition of Y-family
DNA polymerases, we have determined the solution NMR
structure of the Revl-CT domain complex with an RIR
containing peptide from human poly (residues 524—539)
shown in Figure 3. The ensemble of 20 least-energy structures
(Figure 3A) agrees well with the input experimental restraints
(Table 1), exhibiting mean pairwise rmsd for the backbone
atoms of regular secondary structure elements of 0.62 A (Revl-
CT)/0.27 A (poly peptide). Structure comparison of the free
and bound forms of Revl-CT domain (Figure 3B) reveals no
noticeable structural changes in the domain upon poly-RIR
binding. Interestingly, in the complex with Revl-CT, the poly-
RIR peptide forms an a-helix starting at Phe 531 and
continuing all the way to the C-terminal Leu 539. The two
phenylalanine residues, Phe 531 and Phe 532, are located in the
first turn of the helix facing Revl-CT domain surface. As
anticipated from the mutational analysis of Revl-CT/polk-RIR
interaction, the majority of contacts between Revl-CT and
poln-RIR peptide involve the two Phe residues, displaying
extensive intermolecular NOE connectivities in '*C-edited
5N, 3C-filtered NOESY-HSQC spectrum®’ (see Supplemen-
tary Figure 1S). Both aromatic side-chains become buried upon
Rev1-CT binding. The ring of Phe 532 deeply penetrates into
the binding pocket on Rev1-CT surface formed by residues Ala
1160, Gly 1161 from the N-terminal f-turn, Leu 1171, Trp
1175 from helix H1, and Asp 1186, Gln 1189 from helix H2,
while the ring of Phe 531 packs against Thr 1178 and Ile 1179
on the domain surface (Figure 3C,D). Notably, the pocket is
already preformed in the free form of Revl-CT domain (Figure
2C). As a result, Phe 531 and Phe 532 contribute 110 and 180
A? respectively, to ~600 A? interaction surface between Revl-
CT domain and poly-RIR peptide. The poly-RIR a-helix is
tilted toward helices H1 and H2 of Revl-CT (Figure 3A,B),
with the backbone amides of Phe 531, Phe 532, and Lys 533 in
the first turn of the a-helix facing the negatively charged surface
of the Revl-CT domain (Figure 2C). The key residue in Revl-
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CT that interacts with the above amide groups of poly-RIR
peptide is a highly conserved Asp 1186 from the helix H2,
which is surface exposed in the free domain but becomes
completely buried upon the complex formation. Strikingly, as
also discussed more fully below, mutation of the Asp 1186 to
alanine completely eliminates the binding of the full-length
poly to the Revl-CT in the yeast two-hybrid system (Figure 4).

AD
Rev1-CT \___

WT
L1159A
A1160G
L1M71A
L1172A
E1174A
W1175A
T1178A
1179A
M1183A
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Rev1-CT
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F483GF484G
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[E—
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Figure 4. Mapping of Revl-CT/poly-RIR interface by yeast two-
hybrid assays. The region encoding the human Revl C-terminal 120
amino acid fragment (Revl-CT) was fused to the GAL4 activation
domain (AD). The full-length polyy encoding region was appended to
the DNA-binding domain (BD) of GAL4. (A) Revl plasmids were
transformed into strains harboring BD-fused wild-type (WT) poly; and
the indicated mutations or into strains harboring the empty expression
plasmids (indicated by the “—” symbol in the figure). (B) AD-
appended WT Rev-CT and the indicated mutations were transformed
into strains containing BD-WT poly or the empty expression plasmid
(=). The plasmids were selected for by growth on media lacking
leucine and tryptophan (-LW) and interactions were scored by growth
on plates also lacking adenine and histidine (-AHLW).

The carboxyl of Asp 1186 side-chain participates in charge-
dipole interactions with the backbone amides of Phe 531
(whose "HN resonance is shifted to 11.1 ppm) and Phe 532 of
poly-RIR peptide and is also proximal to side-chain N°H group
of Trp 1175 and the backbone amide of Met 1183 from H1—
H2 loop of Revl-CT domain (Figure 3D). It is not an unusual
teature for a buried ionizable side-chain in a protein to be
involved in interactions with the backbone/side-chain dipole or
oppositely charged side-chain group.”® The residues Lys 531,
Ser 532, and Leu 539 from the two turns of poly-RIR a-helix
following the FF sequence interact with Ala 1160, Gly 1161
form the N-terminal f-hairpin of Revl-CT, while Thr 528 and
Glu 529 preceding the FF pair pack against the side-chains of
Pro1182 and Met 1183 in the H1-H2 loop.

The spatial structure of Rev1-CT/polyy-RIR complex (Figure
3) reveals that the two consecutive phenylalanine residues, Phe
531 and Phe 532, of the polyy RIR motif are responsible for the
majority of specific intermolecular interactions and are crucial
for the complex formation. Accordingly, mutation of these
critical Phe 531 and Phe 532 residues to glycine within the poly
RIR nearly completely eliminates interaction with the Revl-CT
via the yeast two-hybrid system described below (Figure 4A).
We also observe a relatively weaker binding when the Phe 483
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and Phe 484 residues within the first RIR of poly were mutated
to glycine, consistent with an earlier report that all four
phenylalanine residues within the two poly RIRs contribute to
Revl-binding.*’

Another important interaction involves the backbone amide
groups of Phe 531 and Phe 532 from the N-terminal face of
poly-RIR a-helix and negatively charged Asp 1186 of Revl-CT
completely buried on the binding interface. The fact that poly-
RIR peptide adopts an a-helical conformation provides a
rationale for the previously published mutational data.* It is
clear that the helix is needed to maintain proper orientation of
the two aromatic rings of the FF sequence that fit into the
binding pocket on Revl-CT surface, as well as to position the
backbone amides of the first a-helix turn toward the side-chain
of Asp 1186 in Revl-CT. Mutational data suggest that at least
four residues following the FF sequence are necessary to
maintain a-helical conformation secured by hydrogen bonds
between residues i and i+4. Alanine is highly favorable in a-
helices,”" so that substitution of residues C-terminal to the FF
sequence with Ala maintains a-helical conformation of RIR
peptide and, therefore, has little effect on Revl-CT binding. In
contrast, mutation to a helix-breaking Pro”" disrupts the a-helix
of RIR motif and thereby abolishes Revl-CT interaction. The
a-helix of RIR motifs found in Y-family DNA polymerases
starts with the FF sequence following the N-cap Ser or Pro
(Figure 1D). Pro is often found in N-cap positions of protein a-
helices,”” while Ser is known as one of the most favorable N-
cap residues (along with Asn, Asp, Cys, and Thr).”> Therefore,
it is not surprising that Ser to Ala substitution in the polx-RIR
motif results in weakening of Rev1-CT binding.** Although Thr
528 and Glu 529 preceding the FF sequence interact with the
side-chain of Met 1183 of Revl-CT (Figure 3), these and other
residues from the N-terminal part of poly-RIR peptide exhibit
no well-defined conformation and are likely of little importance
for interaction with Revl-CT. Therefore, based on our analysis
of Rev1-CT/poln-RIR structure (Figure 3) Revl binding motif
can be redefined as nFF(4h), where n is an N-cap residue, F is
phenylalanine, and 4h are at least four residues that form an a-
helix.

Corroboration of Rev1-CT/Poln-RIR Interface by Yeast
Two-Hybrid Assays. Having elucidated the structure of the
human Revl C-terminus in complex with the poly-RIR, we
employed a yeast two-hybrid system to monitor the interaction
between the proteins. The region encoding the human Revl-
CT and full-length poly was fused to the activation domain
(AD) and the binding domain (BD) of the GAL4 transcription
factor, respectively. The presence of the constructs after
transformation into the PJ69—4A strain of yeast was ensured
by growth on selective media plates lacking leucine and
tryptophan (-LW). Interactions between the two proteins
activate the expression of the HIS3 and ADE2 reporter genes,
both driven by promoters responsive to the Gal4 transcription
factor. These interactions were scored by growth on selective
media plates additionally lacking adenine and histidine
(-AHLW). We determined that a longer Revl-CT construct
of ~120 amino acids, rather than the 95 amino acid Revl-CT
fragment that was used in structure determination, reproducibly
recapitulated the interaction with poly. Consistent with earlier
data, the interaction between the Revl-CT and full-length poly
resulted in robust growth of the strains in -AHLW selective
media plates (Figure 4A). In contrast, no growth was observed
in strains expressing the Revl-CT and the BD alone, showing
that the interaction is specific between the two proteins.

dx.doi.org/10.1021/bi300566z | Biochemistry 2012, 51, 5506—5520



Biochemistry

A B C
3 rss0 1219
O Free 1223-24
R1 5 © Complex \ 2
b e e w Ty -, e St <
[s 1] r-“v'\-"g,:\-m P = et " ‘4”/83 270
! ;(
o -
0 p «(—/1159
30 T160
R j‘ ] € ¥ = - P
[sﬂ]zo h ] ey N <37 <
- (P g
o By gon Winz poe e b= ] R, N
[s7] (> 2
0 0 200 400 600 800 1000 C
1.0 VCPMG 20
NOE ’ e ik . \_ 1219
0.6 - ¥ R,.: N Complex 117579 / e
-17 30 184 -) 1183-86
0.2 [s7] A ’
25 =NC
-0.2 D1186 P\«a(: N
s N i
g2 10r  pJamtyy =i : o 1 20 w1175 9 (/Lé 1189
08 ot i ﬂ‘j LT C N
06 ¥ g 15 11 _:01161/ (J /i;<
] ] 1185 N <
04 T . — \ i
02 H1 H2 H3 H4 QLT ( L <
0.0 0 200 400 600 800 1000 7 /
1160 1180 1200 1220 1240 Vepvs — ~ 2

Residue

Figure 5. (A) "N R, R, relaxation rates and "N{'H} NOE values measured at 11.7 T magnetic field, 15 °C, along with order parameters S* (or S* =
S¢S.2) for the backbone amide groups obtained in model-free analysis of '*N relaxation data for free Revl-CT domain (red) and Rev1-CT/poly-RIR
complex (blue). (B) Examples of experimental N CPMG dispersion profiles Ry a{Vcppc) measured at 11.7 T magnetic ﬁeld for selected residues of
free (top plot) and poly-RIR bound (bottom plot) forms of Revl-CT. (C) Exchange contributions R, = Reyps + Regra to °N R, rates measured at
11.7T magnetlc field mapped onto structures of free Revl-CT domain (top) and the complex (bottom). Labeled with numbers are residues with R,,
> 5 571 Residues exhibiting fast ys-ms time scale exchange identified in model free-analysis of N relaxation data***® with Reyms contrlbut1n§ over
60% to a total R,, are marked in cyan. Residues displaying slower ms time-scale exchange detected by "N CPMG dispersion measurements 59,60
with R, 4 contributing over 60% to a total R, are marked in magenta. Shown in blue are residues with comparable R,, ,rand R, 4 contributions. Phe
1165, Ser 1223 (free domain and the complex), and Val 1224 (the complex only) whose resonances are not detected in NMR spectra presumably
due to severe us-ms exchange line-broadening are assumed high R, values and are marked in gray.

Having established a strong interaction between the Revl- CT domain. Strikingly, Asp 1186, a crucial residue for the Revl-
CT and poly, we asked if mutations of residues within the N- CT—poly-RIR interaction is almost completely buried on the
terminal S-hairpin and a-helices H1, H2 of Rev1-CT affect the binding interface. It interacts with the backbone amide groups
interaction with poly. To extend and validate our predictions of Phe 531 and Phe 532 from the first turn of poly-RIR a-helix
from the Revl-CT/poly-RIR complex, we created a series of and, consequently, mutation of this negatively charged amino
point mutations within the Revl-CT and examined its acid to alanine abrogates interaction with the poly-RIR, as
interaction with poly via the yeast two-hybrid assay. As evidenced by a complete lack of growth of yeast strains
shown in Figure 4B, the Revl-CT mutations L1159A, L1171A, harboring these plasmids on selective media plates lacking
L1172A, W1175A, and D1186A completely abrogate the AHLW (Figure 4B).
interaction, whereas the mutations E1174A, T1178A, and The weaker poly-RIR interacting residues Glu 1174 and Thr
MI1183A severely diminish binding to poly. The mutant 1178 in the Revl-CT are located in the a-helix H1 at the
proteins containing A1160G, 111794, and QI1189A substitu- periphery of poly-RIR binding interface, while Met 1183 is
tions, however, show an interaction similar to wild-type Revl- located in the loop between helices H1 and H2 and interacts
CT. Among the set of residues in Rev1-CT that show complete with N-terminal residues of the poly-RIR preceding the
loss of binding, Leu 1159 lies on the interface between the N- conserved Phe 531 and Phe 532. Their mutation to alanine
terminal f-hairpin and helices H1 and H2 that creates a binding results in a significantly reduced growth of yeast strains carrying
pocket for the Phe 531 and Phe 532 residues of the poly-RIR the plasmids on -AHLW plates. Surprisingly, mutation of Ala
and likely is important for stabilization of the S-hairpin. The 1160, which makes contacts with the two turns of the poly-RIR
key residue Leu 1171 interacts with Phe 532 and is exposed in a-helix following the FF motif, and Ile 1179, Gln 1189 located
the free Revl-CT but becomes buried upon binding the poly- on the periphery of the interface and interacting directly with
RIR. Its mutation to alanine, therefore, completely eliminates Phe 531 and Phe 532, had no effect on binding to the Revl-CT

the interaction with the poly-RIR. Leu 1172, however, forms in the yeast two-hybrid assay (Figure 4B). Taken together,
part of the hydrophobic core of the Revl-CT so a change to these results show that the residues Leu 1171, Glu 1174, Thr
alanine, while rendering it incompetent to bind poly, is likely 1178, Met 1183, and Asp 1186 the Revl-CT make contacts

due to a destabilization of the Revl-CT itself. Similarly Trp with poly that contribute to stabilization of the complex
1175, one of the key residues on the binding interface between between the two proteins.

the Revl-CT and poly, interacts with Phe 532 but is partially Conformational Dynamics of Rev1-CT Domain and
buried in the free domain and, therefore, participates in Rev1-CT/poln-RIR Complex. Protein conformational flexi-
stabilization of the hydrophobic core. Like L1172A, the bility plays an important role in molecular recognition, often
W1175A mutation likely significantly destabilizes the Revl- conferring upon protein domains the ability to bind multiple
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targets.”*”> Presampling of multiple interconverting conformers
enables rapid selection of molecular configuration optimal for
binding. On the other hand, loss of conformational mobility
and/or ordering upon binding imposes an entropic penalty that
weakens molecular interaction, thereby modulating specificity
of recognition by allowing more selective binding. Not
surprisingly, a number of molecular complexes have been
described involving flexible and/or disordered interaction
partner(s) that only fold into an ordered structure upon
binding.”> The interaction between the Revl-CT and the Y-
family DNA polymerases poly, 1, and k seems to fall into this
category. The Revl interacting regions (RIRs) of poly, poli,
polk are mapped outside structured domains of the enzymes®~’
and likely adopt a-helical conformation only upon binding the
Revl-CT domain. Although the Revl-CT is shown to be well
structured, NMR line broadening in H1-H2 and H3-H4
loops, as well as in parts of helices H1 and H2, points to ms-us
conformational rearrangements of RIR interaction interface.
Therefore, to elucidate the role of Revl-CT flexibility in Y-
family DNA polymerase recognition we have examined ps-ns
and ms-pys time-scale conformational dynamics of free and
poly-RIR bound forms of the domain using "N spin-
relaxation®* and N CPMG relaxation dispersion*’ measure-
ments.

Figure SA (top plots) shows '*N R, R, relaxation rates and
SN{'H} NOE values for the Revl-CT domain (red) and Revl-
CT/poln-RIR complex (blue) measured at 11.7 T magnetic
field, 15 °C. NMR spin-relaxation data were analyzed using
Lipari-Szabo model-free approach***° to extract order param-
eters S* (Figure SA, bottom plot) and correlation times (data
not shown), describing angular amplitudes and time-scales of
fast ps-ns internal motions of the backbone NH vectors,
respectively, along with parameters of overall rotational
diffusion of the molecule. As expected, overall rotation
correlation time 7y for the complex (10.45 & 0.06 ns) exceeds
7g for the free domain (8.96 + 0.07 ns) by 17%, closely
matching the increase of molecular size upon Revl-CT
(95 aa)—polp-RIR (16 aa) complex formation. Uniformly
high order parameters S> > 0.8 are observed for the backbone
amide groups of the free Revl-CT domain and the complex
(Figure SA), stemming from fast (fs-ps) restricted thermal
flexibility of the protein backbone (S* = 1 for fully constrained,
0 for unrestricted motions). The exceptions are S—6 residues in
the C-terminal part of the domain and residues from H3—H4
loop, exhibiting lower S* pointing to increased ps-ns mobility.
The experimental S* (Figure SA) are in line with those
predicted from the backbone chemical shifts using RCI
approach®®®’ (Figure 1C), albeit the later are underestimated
in loop regions. Interestingly, the experimental S> for the
backbone amides in the N-terminal f-hairpin are about as high
as in the regular secondary structure elements (Figure SA),
confirming that the N-terminal part adopts rigid conformation
in both free and bound forms of the Revl-CT domain. Overall,
N relaxation data analysis suggests that ps-ns time-scale
internal motions of the Revl-CT domain are restricted and that
ps-ns dynamics of the domain does not change upon poly-RIR
binding.

Along with order parameters S* and correlation times of
internal motions, model-free analysis of "N relaxation data
allows extraction of exchange contributions R, s to transverse
relaxation rates R, that report on ps-ms conformational
dynamics accompanied by changes in "N chemical shifts.**
The extracted R, ¢ primarily originate from faster ps-ms
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processes, since CPMG sequence in our N R, experiment
suppresses contributions to R, due to ms exchange with
key < 270 cpyG and Aw <K 270cpyg (Where k., is exchange rate
constant, Aw is frequency difference between the exchanging
states; CPMG frequency vcpyg in our "N R, experiment was
set to 500 Hz).*® To additionally quantify contributions to N
R, rates due to slower ms time-scale conformational exchange,
we have performed "N CPMG relaxation dispersion experi-
ments*>* that measure effective transverse relaxation rates
Ryex as a function of vcpyg and quantified R4 =
Ry (33 Hz) — R,™(533 Hz) that complement R,
obtained in model-free analysis of '*N relaxation data. The
sum Ry, ¢ + Rey g provides an approximation for total exchange
contribution R,, to N R, in free-precession limit.

>N R, rates plotted vs. residue number (Figure SA) reveal
that residues in (and adjacent to) H1—H2 and H3—H4 loops in
the free Revl-CT domain and in the complex exhibit enhanced
>N R, caused by significant ys-ms exchange contributions Ry ¢
that were quantified using model-free analysis of "N spin-
relaxation data.*#*® SN CPMG relaxation dispersion measure-
ments*>*>% that were used to identify amide groups involved
in slower ms time-scale exchange not captured in R, ¢
significantly extend the list of residues in free and bound
forms of Rev1-CT undergoing ys-ms conformational rearrange-
ments. Figure SB shows examples of "N CPMG relaxation
dispersion profiles for the backbone amide groups of Gly 1161,
Leu 1171, Trp 1175, and Asp 1186 that form poly binding site
of Revl-CT. In is clear that for these residues R, .s(Vcpmc)
profiles reach a plateau at vcpyg ~ 500 Hz where the exchange
contribution to R, is effectively suppressed by CPMG sequence.
Figure SC shows total exchange contribution R,, = Rey s + Reyra
to "N R, rates (at 11.7 T magnetic field) mapped onto
structures of free Revl-CT domain (top) and the complex
(bottom), with residues involved in faster us-ms and slower ms
dynamics marked, respectively, in cyan and magenta.
Remarkably, the region exhibiting extensive ps-ms conforma-
tional exchange in both free and bound states of Revl-CT
encompasses the binding site for the poly-RIR motif formed by
residues from the N-terminal S-hairpin, the two last turns of a-
helix H1, the H1—H2 loop, and two first turns of a-helix H2.
Although ps-ms exchange contributions R,, generally decrease
upon the complex formation, the binding interface remains
dynamic on the ps-ms time-scale in Revl-CT/poly-RIR
complex. Interestingly, R, contribution to N R, increases
upon the complex formation for Gly 1161 from the N-terminal
f-hairpin of Rev1-CT (Figure SB), which directly interacts with
poly-RIR a-helix.

Beyond intramolecular processes, ms time-scale exchange
observed in the Revl-CT/poly-RIR complex may be caused by
an on—off equilibrium between free and bound forms of the
protein.”® From the upper limits of k,, (2.7 X 10° M~'s™") and
k.g (33 s71) obtained as described above one can derive the
upper estimate for the exchange rate constant of the on—off
equilibrium kq, = k,,[L] + ko ~ 300 s™" at the condition of our
N CPMG dispersion experiment (0.9 mM total protein, 0.9
mM total peptide concentrations; free ligand concentration [L]
~ 11% of 0.9 mM at Ky, = 13 uM>°). Even at a relatively slow
ke of 100—300 s~" the exchange between free and bound forms
of Revl-CT may cause noticeable exchange contributions to
transverse relaxation rates. To elucidate whether the observed
ms time-scale exchange in the complex can be solely explained
by on—off equilibrium between free and bound forms of Revl-
CT we have additionally recorded N CPMG dispersion
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profiles at 18.8 T magnetic field, and globally fit 11.7 and 18.8
T relaxation dispersion data to a model of two-state
conformational exchange (see Supplementary Figure 2S),
resulting in a population of the second (minor) state py =
5.9 + 0.4% and exchange rate constant k,, = 585 + 23 s™. This
is about two times faster than the estimated 300 s~ upper limit
of the exchange rate constant for the Revl-CT/poly-RIR
binding equilibrium. Interestingly, "N chemical shift differ-
ences obtained from CPMG relaxation dispersion data, A®gp,
are in good agreement with N chemical shift differences
between free and poly-RIR bound forms of Revl-CT, Ad,.
(Supplementary Figure 2S), with the exception of few residues
on the binding interface (such as Trp 1175). In addition,
significant contributions R, ¢ to 5N transverse relaxation rates
R, due to faster ys-ms dynamics have been obtained in 'model-
free’ analysis of '*N relaxation data for the binding site residues
1175—1179 (Figure SA,C). Taken together, these data suggest
that conformational exchange observed on the binding interface
of the Revl-CT—poly-RIR complex may include contributions
from both on—off equilibrium between free and bound forms of
Revl-CT and intramolecular dynamic process(es).

The analysis of "°N spin-relaxation and >N CPMG relaxation
dispersion data established that that free and poly-RIR bound
forms of Revl-CT domain are rigid on the ps-ns time scale but
exhibit significant ys-ms conformational dynamics encompass-
ing the RIR binding site. Transitions to low-populated states
occurring on the ys-ms time-scale observed on intermolecular
interface of the complex may point to the existence of multiple
modes of Revl-CT/poly-RIR binding. Such a plasticity of
interaction interface in the bound state might prove beneficial
for minimizing entropic penalty of the complex formation.”®
On the other hand, ys-ms sampling of multiple conformational
states in free Revl-CT domain may facilitate selection of
molecular configuration(s) that enable efficient binding of RIR
motifs,”*”> exhibiting surprisingly little sequence conservation
among Y-family DNA polymerases (Figure 1D).

B CONCLUDING REMARKS

In this study, we have made a significant contribution to our
understanding of how Revl regulates TLS in human cells
through its interactions with the Y-family TLS polymerases
polr, 1, and k by (i) solving the structure of Revl’s important C-
terminal domain, (i) revealing the structural details of how the
RIR of poly binds to Revl’s C-terminal domain and (iii)
showing that the RIR binding site of the Revl C-terminal
domain displays conformational dynamics on the ys-ms time
scale that may facilitate the selection of the molecular
configuration optimal for binding. We have also been able to
redefine the Revl binding motif, RIR, as nFF(4h), where n is
an N-cap residue, F is phenylalanine and 4h are at least four
residues that form an a-helix.

The interactions that Revl makes with the Y-family DNA
polymerases poly, 1, and k enable a later acting form of TLS
control that acts subsequent to the Rad6/Radl18-mediated
mono-ubiquitination of PCNA that is triggered by a variety of
types of DNA damage.'>”” The Rev1-CT is not important for
the recognition of monoubiquitinated PCNA nor is it necessary
for recruitment to nuclear foci after DNA damage.®*”®
Reciprocally, the RIR sequences of poly are not necessary for
recruitment to UV-induced nuclear foci, since its C-terminal
120 amino acids which do not include either of the RIRs are
sufficient for its localization.”” Nor are the RIR sequences
necessary for damage-induced foci formation by polc® or
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pole.*® Thus the interactions that the Y-family TLS DNA
polymerases poly, 1, and k make with the Revl-CT represent
another level of regulation beyond that of PCNA mono-
ubiqutination that helps to ensure that these inherently error-
prone DNA polymerases do not introduce mutations by
gaining access to primer termini in undamaged DNA.
Subsequent polymerase exchanges that are mediated through
the interactions that each of these TLS polymerases make with
Revl’s C-terminal domain could possibly also help with the
process of matching each polymerase with its cognate lesion
over which it can replicate relatively accurately. Examples of
cognate lesions include thymine—thymine cyclobutane pyr-
imidine dimers for poly, N>-BPDE-dG lesions for polk, and edA
for poli.”® Polymerase exchange mediated by the Revl C-
terminal domain could also help exchange a nonfunctional TLS
polymerase for an alternative TLS polymerase.®’ Evidence has
been reported indicating that, in higher eukaryotes, a
component of TLS can also proceed in the absence of PCNA
monoubiquitination.® In these cases, the interactions that Revl
makes with other TLS DNA polymerases might be particularly
important in facilitating and regulating TLS.*”?*** The
exchanges that Revl likely facilitates between poly, i, and «
are apparently made possible by the ps-ms conformational
dynamics of the region of the Rev1-CT that interacts with their
RIRs.

In TLS events requiring the coordinated consecutive action
of two DNA polymerases, the Revl C-terminal domain can also
serve to facilitate the exchange from an inserter DNA
polymerase to the extender DNA polymerase poll via its
interaction with the accessory subunit Rev7. Recent evidence
indicates that human Revl recruits pol{ through an interaction
with Rev7 as it does in yeast.** Rev7 clearly interacts differently
with the Revl-CT than do pol, 1, and « since it lacks an RIR
and the Revl-binding interface of Rev7 appears be a portion of
the surface of a five-stranded f-sheet of Rev7 rather than a
disordered peptide.*® Although poly can accurately replicate
UV-irradiated DNA independently of Revl, poly-Revl
interactions are involved in suppressing spontaneous mutations,
probably by promoting accurate TLS past endogenous
lesions.®

Although TLS DNA polymerases can act at the replication
fork, there is a growing body of evidence in both yeast and
mammalian cells that a substantial amount of TLS occurs at
postreplicational gaps caused by lesions rather than at active
replication forks.* '>*” In fact, in yeast TLS occurs efficiently if
it is constrained to occur during G2/M by manipulating the cell
cycle dependence of Rad6/Rad18-dependent monoubiquitina-
tion.*'" Of particular interest is the observation that in .
cerevisiae Revl is synthesized at extremely low levels during G1
and most of S phase, but then is expressed at 50-fold higher
levels during G2/M.*” Thus, most of the Revl—pol{
interaction that occurs in S. cerevisae via interactions of the
Revl C-terminal domain with Rev7 are naturally confined to
postreplicational gaps during G2/M.""* Given the growing
body of evidence that a significant amount of TLS takes place
during G2/M in mammalian cells,” it seems likely that a
substantial fraction of the interactions between the Revl C-
terminal domain and other TLS DNA polymerases similarly
take place at postreplicational gaps.

Knowledge of the structure of the Rev1-CT should also make
it possible to clarify the molecular details of the interactions
that Revl makes during interstrand cross-link repair and may
make it possible to gain additional insights into the relationship

dx.doi.org/10.1021/bi300566z | Biochemistry 2012, 51, 5506—5520



Biochemistry

between interstrand cross-link repair and Fanconi anemia.*’
Since inhibition of TLS can help to improve chemotherapy,”®”’
it is possible that searching for inhibitors that target specific
protein—protein interactions required for TLS might be an
alternative to searching for inhibitors that selectively inhibit
only one TLS DNA polymerase out of the 15 DNA
polymerases found in human cells.”*
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Supplementary Figure 1S with 'H—'H cross sections from a
BC-edited N,"*C-filtered NOESY-HSQC spectrum of Revl-
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complex, Adg, and N chemical shift differences between
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