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ABSTRACT: Y-Family DNA polymerases are known to bypass DNA lesions in vitro and in
vivo. Sulfolobus solfataricus DNA polymerase (Dpo4) was chosen as a model Y-family enzyme
for investigating the mechanism of DNA synthesis in single crystals. Crystals of Dpo4 in
complexes with DNA (the binary complex) in the presence or absence of an incoming

nucleotide were analyzed by Raman microscopy. *C- and "*N-labeled d*CTP, or unlabeled
dCTP, were soaked into the binary crystals with G as the templating base. In the presence of

the catalytic metal ions, Mg*" and Mn®', nucleotide incorporation was detected by the
disappearance of the triphosphate band of dCTP and the retention of *C modes in the crystal
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following soaking out of noncovalently bound C(or *C)TP. The addition of the second coded

base, thymine, was observed by adding cognate dTTP to the crystal following a single d*CTP addition. Adding these two bases
caused visible damage to the crystal that was possibly caused by protein and/or DNA conformational change within the crystal.
When d*CTP is soaked into the Dpo4 crystal in the absence of Mn>" or Mg’*, the primer extension reaction did not occur;
instead, a ternary protein-template-d*CTP complex was formed. In the Raman difference spectra of both binary and ternary
complexes, in addition to the modes of d(*C)CTP, features caused by ring modes from the template/primer bases being
perturbed and from the DNA backbone appear, as well as features from perturbed peptide and amino acid side chain modes.
These effects are more pronounced in the ternary complex than in the binary complex. Using standardized Raman intensities
followed as a function of time, the C(*C)TP population in the crystal was maximal at ~20 min. These remained unchanged in
the ternary complex but declined in the binary complexes as chain incorporation occurred.

DNA polymerases perform a diverse repertoire of biological
functions, including genomic replication, DNA damage repair,
lesion bypass, and immunoglobulin diversification. So far, six
families of DNA polymerases (A—D, X, and Y) have been
classified, and the Y-family established in 2001 is the newest."”
Cellular DNA is frequently damaged by both endogenous and
exogenous agents and processes. Although there are various
DNA repair pathways, a large number of DNA lesions escape
repair and stall replicative DNA polymerases and thus the
replication machinery.> However, the Y-family DNA poly-
merases can bypass DNA lesions, thereby rescuing cellular
DNA replication. Notably, each living organism contains at
least one Y-family DNA polymerase.2 For example, Sulfolobus
solfataricus, an aerobic crenarchaeon that metabolizes sulfur and
grows optimally at 80 °C and pH 2—4,* encodes one Y-family
enzyme, DNA polymerase IV (Dpo4).** In addition to a
typical polymerase core with a “right-hand” geometry,
consisting of finger, thumb, and palm domains, Dpo4 also
contains a fourth domain, designated as the “little finger” (LF)
domain® (Figure 1).” In the ternary structure shown in Figure
1C, the active site of Dpo4 is relatively “loose” and solvent
accessible when compared to the active site of a replicative
DNA polyrnerase.6 Moreover, Dpo4, like all other Y-family
DNA polymerases, is devoid of the proofreading exonuclease
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domain. Thus, Dpo4 catalyzes polymerization in damaged or
undamaged DNA with low fidelity.*'®

So far, all kinetically characterized DNA polymerases catalyze
nucleotide incorporation by following a minimal kinetic
mechanism'” with a rate-limiting precatalytic conformational
change.'°™** Because our recent stopped-flow fluorescence
resonance energy-transfer assays conclusively show that a
precatalytic global conformational change associated with all
four domains of Dpo4 is too fast to be rate-limiting, it was
hypothesized that the rate-limiting conformational change
corresponds to the subtle repositioning of active site residues
that are critical for properly aligning two magnesium ions, the
3’-hydroxyl of the primer terminus, the a-phosphate of the
incoming dNTP, and the conserved carboxylate residues within
the active site.'” For the formation of a new phosphodiester
bond during nucleotide incorporation, the primer 3’-OH makes
an in-line nucleophilic attack on the a-phosphate of an
incoming ANTP. Interestingly, the nucleotidyl-transfer reaction
catalyzed by a truncated human DNA polymerase #, another Y-
family member, has recently been visualized at an atomic level
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Figure 1. Crystal structure of the (A) apo, (B) binary, and (C) ternary complexes of Dpo4. These structures are presented in ref 7 [Protein Data
Bank (PDB) entry 2RDJ]. The linker, DNA, and dANTP are colored black, gray, and orange, respectively.

through time-resolved X-ray crystallography.”® Previously, the
large fragment of Bacillus stearothermophilus DNA polymerase I
was found to catalyze several rounds of nucleotide incorpo-
ration in crystals.”* Here, single-crystal Raman spectroscopy is
employed to probe Dpo4-catalyzed DNA chain extension and
relevant protein/DNA conformational changes within crystals.

The Raman method uses a Raman microscope that consists
of an optical microscope that allows the operator to view a
single crystal within a drop of holding solution mounted in a
crystallization tray. A laser excitation beam travels on the
optical axis of the microscope and is focused within the single
crystal.” Back-scattered light from the focal volume travels
back through the microscope and is carried by an optical fiber
to a Raman spectrometer. The spectrometer provides a Raman
spectrum from the focal volume. The basic experiment involves
recording the spectrum of the Dpo4-DNA crystal and then
adding the ligand/substrate to the drop that contains the
crystal. The ligand soaks in the crystal, and the Raman
difference spectrum of [Dpo4-DNA + ligand] minus
[Dpo4-DNA] reveals chemical details of the reaction between
the ligand and the Dpo4-DNA complex.

B EXPERIMENTAL PROCEDURES

The DNA polymerase Dpo4 contains 352 amino acids and has
an approximate molecular mass of 40 kDa. The enzyme was
purified as described previously' and cocrystallized with the
DNA substrate prepared by annealing a 13-mer DNA primer
and an 18-mer template strand shown in Scheme 1 following a
published protocol.® The DNA strands were purchased from
Integrated DNA Technologies, Inc. Single crystals of the
Dpo4-DNA complex were grown as described and suspended
in a 5 yL hanging drop within a crzstallization tray mounted on
the stage of a Raman microscope. 526 Typically, crystals of the
Dpo4-DNA complex had dimensions of 500 ym X 150 pm X

Scheme 1. DNA Template and Primer Sequence®”

1 2 3 4 5 6 7 8 9 10 11 12 13

6 GCTACAGGACTC?¥ Primer
| I Y O T Y N Y N O A N |

3C CGATGTCCTGAG GACTT¥ Template
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

“The incoming dCTP will be added to observe the binding and/or
nucleotide incorporation reaction.
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150 pm, and the excitation laser beam was focused through a
flat 500 pm X 150 um face.

2'-Deoxycytidine §'-triphosphate (dCTP), thymidine S'-
triphosphate, and "*N- and "*C-labeled dCTP (d*CTP) were
purchased from Sigma-Aldrich.

The Raman measurements were performed with the 647.1
nm line of a krypton laser; the laser power at the sample was
100 mW, and the spectral data acquisition time was 100 s.
Usually, a difference spectrum, the mathematical difference of
two spectra, after and before the ligand had been soaked into
the crystal, was used to obtain the data.

B RESULTS

Raman Spectrum of a Dpo4 Single Crystal. A Raman
spectrum of the crystalline DNA-enzyme complex is shown in
Figure 2, where a signal-to-noise ratio of ~140:1 was achieved.
This was the highest spectral quality obtained because adding
ligand (e.g, dCTP) to the crystals resulted in the deterioration
in crystal morphology as is discussed in the next section. In
Figure 2, the most intense features are due to well-documented
protein modes, e.g., amide I and III, and the aromatic amino
acid side chains of Phe and Tyr.>” However, the four bases of
DNA also make a significant contribution, as does the PO,~
stretch of DNA backbone groups at 1094 cm™, and the
phosphodiester backbone has a stretching mode that
contributes to the intensity at 784 cm™'. These assignments
are listed in Table 1 and based on refs 27—32. In Figure 2, the
amide I feature at 1663 cm™, the high intensity in the 1340
cm™! region, and the peak at 939 cm™ attest to the presence of
significant a-helix structure.””*"*> This is consonant with the
X-ray crystal structure that has 48% a-helix secondary structure.
One band at 1058 cm™ could not be assigned with certainty.
Tentatively, this may be a mode from part of the DNA
phosphodiester backbone that it is distorted away from the
classic A or B form; we have published data on a RNA
polymerase that shows features at 1000—1100 cm™" that are
assigned to distorted regions of DNA or DNA—-RNA
duplexes.**

Raman Intensity Changes. In the Raman difference
spectra discussed below, intensity changes in spectral features
that have been assigned to dCTP, d*CTP, or protein and DNA
modes from the Dpo4-DNA complex are monitored. There are
three sources of intensity changes. (a) For dCTP (d*CTP), the
intensity changes are caused by the population changes of the
cytosine ring and the attendant triphosphate group inside the
crystal. (b) Because the crystal forms a fixed set of axes, Raman
dichroism can occur. This happens when groups undergo
changes in orientation in the crystal and thus changes in

dx.doi.org/10.1021/bi400524h | Biochemistry 2013, 52, 4881—-4890
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Figure 2. Raman spectrum of a crystal of the binary complex of Dpo4 in a hanging drop containing 100 mM CaAc, 100 mM HEPES, 2.5% glycerol,

and 12% PEG 3350 (pH 6.5).

orientation with respect to the fixed orientation of the laser
beam. For example, if purine and/or pyrimidine rings undergo a
change in orientation during the experiment, the intensity of
their Raman modes will change. It is maximal when the rings
are at right angles to the incoming laser beam and minimal
when the laser beam is parallel to the plane of the ring. This
phenomenon is seen predominantly for base ring modes and
amide I (mostly C=0) protein modes. (c) When adjacent
purine and pyrimidine base modes stack or unstack, this also
affects their inherent Raman intensity. By analogy to
absorbance spectroscopy, the changes in Raman intensity are
termed Raman hypo- or hyperchromism.*’

Adding d*CTP to the Hanging Drop To Form a
Ternary Complex in the Dpo4 Crystal. A ternary complex
consists of a protein, a DNA substrate, and an incoming dNTP
at the preinsertion stage. If the dNTP becomes covalently
linked to the primer via formation of a phosphodiester bond,
the result is a postinsertion binary stage. Scheme 2, adapted
from ref 33, illustrates the reaction mechanism. Ternary
complexes were formed by soaking '*N- and '*C-labeled
dCTP (d*CTP) into the crystal in the absence of Mg** or
Mn*" ions using the active template when it will bind in the
active site without phosphodiester bond formation.

Spectra at different times for “soaking in” d*CTP are shown
in Figure 3A. The main d*CTP ring modes occur at 1215 and
763 cm™ (the d*CTP Raman spectrum in aqueous solution is
shown in Figure SA) with a less intense mode at 1482 cm ™. In
Figure 3A, these peaks “grow in” with time (see below). An
intense peak remains at 1126 cm™' due to the d*CTP’s
triphosphate, confirming that the d*CTP has not been
incorporated into the primer chain. It must be kept in mind
that the d*CTP peaks seen in Figure 3A could contain a
contribution from nonspecifically bound ligand [ie., not H-
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bonded to template G in the active site (see Scheme 2)] as well
as d*CTP correctly bound in the active site. It is also likely that
nonspecifically bound d*CTP contributes to the intensity
changes seen in Figure 3 by perturbing groups within the
Dpo4-DNA complex.

In Figure 3A, several peaks due to dA and dG are identified.
These are likely due to the adenine (dA4) in the template next
to dGS that H-bonds to the incoming *dCTP ring and the two
guanines in the template closest to the bound d*CTP (dGS
and dG6) (Scheme 1). The formation of the Watson—Crick
base pair changes the environment of the neighboring dA4,
dGS, and dG6 and, hence, the intensity of the ring modes.
Because this is a fixed population, the intensity changes are
probably the effect of Raman dichroism, although Raman
hyper- or hypochromism may play a role.”” Other notable
bands in Figure 3A come from amide I modes at 1671 and
1653 cm™ and amide IIT modes at 1295 and 1254 cm™.
Raman dichroism is likely responsible, although changes in
protein secondary structure may occur upon addition of
d*CTP. The intensity of the amide I modes in Figure 3A at 37
min is ~8% of the intensity of the amide I mode in Figure 2.
This implies that the change seen in Figure 3A is equivalent to
the intensity of 0.08 times the total number of amino acids, 352,
namely 29 amino acids. The amide intensity change in Figure
3A is equivalent to 29 amino acids. To generate this value, it
means that more than 29 amino acids have moved and
undergone changes in amide I intensity in the ternary
compared to the binary complex. Possibly, the d*CTP in the
active site is causing dynamic protein fluctuations to be
damped, leading to a slight narrowing of the amide I profiles,
and this could be another cause of the apparent increase in
amide I and III mode intensities. In Figure 3A, the appearance
of the band at 785 cm™ is due to a backbone phosphodiester

dx.doi.org/10.1021/bi400524h | Biochemistry 2013, 52, 4881—-4890
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Table 1. Raman Peak Assignments for a Crystal of the
Dpo4-DNA Complex”

Raman peak (cm™) Assignment
1663 amide I
1617 Tyr
1607 Phe
1585 A G
1486 A G
1450 5CH,
1421 G
1240—1300 amide III
1338 A
1208 Tyr
1176 Tyr
1158 Ile, Val
1127 Leu, Ile, Val
1094 PO,”
1058 DNA phosphodiester backbone
1032 Phe
1003 Phe
961 Lys, Leu
939 Lys, Leu, Val, a-helix
898 Ala
854 Tyr
831 Tyr
784 C, T, DNA phosphodiester backbone
751 T
740—680 C-S
731 A
684 G
645 Tyr
622 Phe
496 G T

“The assignments are based on refs 27—-32.

Scheme 2. Reaction Mechanism of a DNA Polymerase
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stretch mode of DNA, and this represents 19% of the intensity
of the 785 cm™" band in Figure 2. This indicates that the DNA
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backbone has undergone a significant conformational change in
the ternary complex. The Raman data by themselves do not
usually identify the specific locations of the observed protein
and DNA changes.

In Figure 4, the intensities of the Raman peaks are plotted
during soak-in using the inactive template that is dideoxy at the
3'-C in the presence of SO mM Mn*". The peak heights are
standardized with the Phe peak at 1004 cm™' in the mother
spectrum prior to subtraction. For marker bands, the following
features are used: for triphosphate near 1120 cm™', C at 1241
cm™!, and DNA phosphodiester backbone at 784 cm™. All
these marker bands show a similar time dependence, and the
changes in intensity are ascribed predominantly to population
changes. This is an initial fast phase from 0 to ~20 min
corresponding to the maximal C(*C)TP population. This is
followed by a plateau with possibly a small increase in intensity
from 20 to 100 min, which was the limit of the crystal stability.
In Figure 3, for d*CTP, at 19 min soak-in the difference
spectrum is dominated by d*CTP features but by 37 min has
more contribution assigned to template nucleic acid and
protein features. At 37 min, the *C peak intensities are
essentially unchanged from those at 19 min. However, the
increase in amide III intensity at 1254 cm™" and in ring modes
associated with the nucleic acid scaffold suggests that slow
conformational changes occur after the point where the
maximal *C population is reached.

When “soak-in” experiments were conducted with the Dpo4
binary complex, crystal cracking was invariably observed.
Factors that may contribute to the cracking are protein and/
or DNA conformational changes that, due to crystal packing
forces, are not allowed the freedom to complete the changes
that would be seen in solution. This would lead to unfavorable
protein—protein constraints in the crystal that can be relieved
by crystal fragmentation.

The spectrum in Figure 3B is obtained under “soak-out”
conditions. After d*CTP had been “soaked in” for 120 min, the
crystal was transferred to a holding solution that contained
neither d*CTP, Mg**, nor Mn*". The difference spectrum was
obtained after “soak-out” conditions had been emplyed for 40
min. The trace is almost a straight line showing that the d*CTP
has left the crystal completely because no d*C ring modes
remain. Moreover, the dA modes from the template disappear,
showing that the dA ring has resumed its position that is
identical to that of the dA prior to d*CTP being soaked in.
Only very weak features persist. These are attributed to Tyr and
Phe side chain modes and to the template dG ring closest to
the d*CTP binding site that have not relaxed back completely
to their prebinding state after 40 min. The same conclusion can
be drawn for the DNA backbone giving rise to the negative
phosphodiester mode at 785 cm™'. The change in the DNA
backbone is greatly diminished after “soak-out”.

Extending the DNA Chain by One Base by Soaking in
dCTP in the Presence of a Divalent Metal lon. To
promote chain extension within the crystal, 50 mM Mn*" ions
(50 mM MnClL)** were added to the holding solution
containing the crystal before 10 mM unlabeled dCTP was
soaked in. The resulting difference spectra are shown in Figure
6. At the 62 min soak-in point, the spectrum seen in Figure 6A
was obtained. The most intense peaks due to dC ring modes
(see Figure SB for the spectrum of aqueous unlabeled dCTP)
are seen at 1529, 1293, 1255, and 785 cm™'. The medium-
intensity peak at 1122 cm™ is due to dCTP’s triphosphate and
is evidence that some unreacted dCTP remains in the crystal.

dx.doi.org/10.1021/bi400524h | Biochemistry 2013, 52, 4881—-4890
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Figure 3. Ternary complex formation. Raman difference spectra of a crystal of Dpo4 in a hanging drop with no Mg*" or Mn®" ions. (A) Raman
spectra of the crystal different periods of time (10, 19, and 37 min) after the addition of 4 mM d*CTP to the hanging drop minus the Raman
spectrum before the addition of d*CTP. (B) Raman spectrum after the crystal had been washed for 40 min in the initial holding solution without
d*CTP minus the Raman spectrum before the crystal had been soaked in d*CTP.
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Figure 4. Ternary kinetics. dCTP (10 mM) was added to a holding
solution containing Dpo4-DNA crystal with an inactive template and
50 mM MnCl,. The heights of several peaks rationed to the Phe peak
are plotted at different times: (—) 783 cm™ peak assigned to the
DNA backbone and C, () 1241 cm™ peak assigned to C, and ()
1116 cm™ peak assigned to triphosphate.

Many bands are assigned to dA and dG ring modes, and these
result from dCTP perturbing the environment of the bases on
the primer and template, as in the ternary complex discussed in
the previous section. Similarly, binding brings about changes in
the Tyr side chain environment, evidenced by the “negative”

4885

856 cm™" feature, and Tyrl0 and Tyr48 in the active site are
good candidates for being the source of this change. The broad
feature near 1658 cm™' is due to Dpo4’s amide I modes and
shows that some perturbation of the protein a-helical
secondary structure has also occurred, although distinct
amide III modes are not observed. The intense band at 785
cm™' owes its intensity to a dC ring mode. Although a DNA
backbone mode occurs at the same position, it is unlikely that it
contributes significantly because the insert band for *CTP
shows weak intensity at 783 cm™'. Some of the intensity
between 1030 and 1100 cm™ is likely due to phosphodiester
modes.** For example, the peak at 1094 cm™ is due to the
PO,~ groups of the DNA backbone, and this is evidence that
the reaction is occurring because chain extension adds one
additional PO,™ to the chain.

Features due to pyrophosphate could not be unambiguously
detected. The Raman spectra of pyrophosphate tetrabasic
(Na,P,0,) in water over a range of pHs are shown in Figure S1
of the Supporting Information. The peaks with the highest
intensities are in the region of 1000—1150 cm™', where PO,~
modes from the DNA backbone occur and specific peaks due to
the formation of pyrophosphate are difficult to identify. The
pyrophosphate peak near 716 cm™' (Figure S1 of the
Supporting Information) was not observed, possibly because
of its relatively low intensity and broadness or the
pyrophosphate product leaving the crystal.

In Figure 6A, there are undoubtedly contributions from
dCTPs that are not specifically bound in the active site and
have not been covalently linked to the primer chain. Thus,
“soaking out” was employed. After soaking in had been
conducted for 62 min, we placed the crystal in a holding
solution that did not contain dCTP (50 mM Mn*" metal

dx.doi.org/10.1021/bi400524h | Biochemistry 2013, 52, 4881—-4890
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Figure S. Raman spectra of deoxycytidine triphosphate. (A) Raman
spectrum of 100 mM 2’-deoxycytidine-"*Cy,'*N; (labeled deoxycyti-
dine) S'-triphosphate (d*CTP) in solution (pH 7.0) in a hanging
drop. (B) Raman spectrum of 100 mM 2’-deoxycytidine 5'-
triphosphate (dCTP) in solution (pH 7.0) in a hanging drop. Both
spectra were recorded using a power of 100 mW, 647.1 nm laser
excitation, and data accumulation for 100 s.

remains). After soaking out had been conducted for 30 min, the
spectrum in Figure 6B was obtained. The intensity of the dC
modes has diminished by ~65%, showing that approximately
one-third of the original dCTPs in the crystal has been
incorporated into the primer chain. The triphosphate peak at
1125 cm™ is small, showing that now only a small amount of
unreacted dCTP remains. Many perturbations persist, but
compared to the ternary complex, changes in the protein
conformation are smaller; the broad amide I band at 1658 cm™!
(Figure SA) is replaced by three smaller peaks at 1681, 1667,
and 1648 cm™". These are tentatively assigned, at least in part,
to the “C=0 modes” from the new G-C Watson—Crick base
pair that has been formed.

Figure 7 shows the variation in intensity with time of the *C
ring mode under conditions when the reaction is occurring
(with the reaction template and SO0 mM MnCl,). The
population of *C, gauged by the ring mode intensity at 1214
cm™, increases rapidly to ~23 min and then decreases. The
triphosphate population using the 1119 cm™' mode as a marker
also increases rapidly and peaks at 23 min and declines as
*CMP is incorporated into the DNA primer strand. The similar
maxima in both traces in Figure 7 suggest that catalysis
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becomes dominant at approximately the point of “full soak-in”.
The decrease in the *C population in Figure 7 indicates that
nonspecifically bound *CTP is expelled from the crystal after
incorporation begins at around 23 min and suggests that a
conformational change that leads to less favorable binding of
nonspecific *CTP is occurring,

It is noteworthy that soaking in dCTP in the presence of 1
mM dCTP and S0 mM Mn?* resulted in only specific binding.
The intensities of the cytosine peaks in the difference spectrum
after soaking in the crystal in a solution with 1 mM labeled
dCTP after 40 min are the same as the intensities of the
cytosine peaks after the soaking out experiment (Figure 6B)
obtained by washing the crystal for 40 min in a solution without
dCTP (data not shown).

There is no way of separating the effects of specific (ie., *C
Watson—Crick binding to template G) and nonactive site
d*CTP binding in Figure 3. However, the spectrum in Figure
6A suggests that there are fewer intensity changes for the binary
complex with noncovalently bound dCTPs than in Figure 3A
for the ternary complex with nonspecifically bound d*CTPs.
This is supported by data in Figure 8A that compare covalently
labeled d*CTP in a pure binary complex (Figure 6B) with that
prior to soak-out where noncovalent d*CTPs are also present.
Although the quality of the data is not optimal, in Figure 6B,
after soak-out, compared to the ternary complex in Figure 3,
only minor changes are seen in the amide I region near 1650
cm™" and the DNA backbone marker band near 780 cm™. In
total, the data suggest that in the binary complex the protein
and DNA backbone changes are probably minor compared to
those seen in the ternary complex.

Extending the DNA Chain by Two Bases Using d*CTP
and dTTP. To obtain a binary complex in which one d*C was
added to the primer, we repeated the protocol in the previous
section using *C- and '*N-labeled dCTP (d*CTP). The results
are shown in Figure 8A. d*CTP (7 mM) with Mn** (50 mM)
was soaked in for 40 min and then soaked out for 30 min in a
holding solution that did not contain d*CTP. Although the
quality of the data in Figure 8A are inferior to the quality of
those in Figure 6, the spectrum of the washed out crystal
resembles closely the spectrum in Figure 6B except that the
main dC ring modes are downshifted; e.g., the mode around
785 cm™! is “downshifted” 22 cm™ due to the *C and "N
substitutions (d*C). Figure 8A confirms that for the binary
complex the changes in protein and DNA conformation are
small compared to those for the ternary complex because the
amide I and III features and DNA backbone feature near 785
cm™! are weak in the difference spectrum. This binary crystal
was then soaked in 2 mM dTTP in the presence of 50 mM
Mn?* for 100 min. Then, following soaking in dTTP, the crystal
was placed in a holding solution that has no dTTP for 50 min;
the resulting difference spectrum is seen in Figure 8B. The
multiple-soak process gave crystals that had cracked and lost
most of their crystalline appearance. However, a difference
Raman spectrum that showed both d*C and dT ring modes
could be obtained, strongly suggesting that both d*C and dT
have been incorporated into the primer chain. No evidence of
unreacted triphosphate is seen in Figure 8B.

It is of great interest that intense dA and dG ring modes
occur in Figure 8B as does a peak from the DNA
phosphodiester backbone at 784 cm™'. The high intensities
suggest that upon the second soak with dTTP changes in the
primer and/or template are much larger than those seen on the
first d*CTP incorporation. This is interpreted as resulting from

dx.doi.org/10.1021/bi400524h | Biochemistry 2013, 52, 4881—-4890
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drop minus the Raman spectrum before dCTP had been soaked in. (B) Raman spectrum after the crystal had been washed for 30 min (after the
reaction with dCTP) in the initial holding solution without dCTP minus the Raman spectrum before the crystal had been soaked in with dCTP.
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Figure 7. Binary kinetics. d*CTP (1 mM) was added to a holding
solution containing a Dpo4-DNA crystal with the active template and
50 mM MnCl, to start the polymerization reaction. Standardized peak
heights are plotted at different times: (—) 762 cm™ and () 1214
cm™!, both assigned to labeled C (*C), and () 1119 cm™", assigned
to triphosphate.

primer and template translocation, full or partial, through the
active site of Dpo4 to bring the template dA base into register
with the catalytic machinery.

B DISCUSSION

The Raman difference spectra allow us to observe structural
and conformational changes in a crystalline Dpo4-DNA
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complex occurring when the DNA polymerization reaction is
catalyzed by the Y-family polymerase Dpo4. The Raman peaks
in the difference spectra with the highest intensity are usually
caused by the added nucleotide, dCTP, d*CTP, or dTTP, but
peaks corresponding to changes in the protein-DNA con-
formations or template/primer base perturbations can also be
observed. For the latter, larger changes are observed in ternary
compared to binary complexes. The evidence of chain
incorporation of dNTP is based on the fact that the C, *C,
or T ring modes remain in the crystal after the noncovalently
bound ligands had been extensively “soaked out”. This is
supported by the observations that there is little evidence of the
reactive dNTP triphosphate group after “soak-out”. It is
noteworthy that Xu et al.'” proposed that a local active site
rearrangement is a rate-limiting conformational change step
driving a single-correct dNTP incorporation process. However,
their studies were conducted in aqueous solution, and we will
need to undertake future rapid mix—rapid quench experiments
in solution as detailed below to examine conformational
changes on the millisecond time scale.

Running the reaction in the crystal comes at a price.
Significant degradation of the crystal morphology is observed.
This could prevent future parallel X-ray crystallography
experiments that could use the Raman experiments as reference
points for flash freezing to conduct time-dependent X-ray
analysis.*>**™7 For future experiments, the approach detailed
by Nakamura et al.>> will be employed; in their study of the
reaction of DNA polymerase 5 from the Y-family, they
cocrystallized the substrate and the enzyme in the absence of
divalent metal ions, which prevents the chain incorporation
reaction from occurring. They then triggered the reaction by
soaking in Mg®" and could observe high-resolution maps by
flash freezing at different time points during metal “soak-in”. It
is possible that a major cause of the crystal cracking seen in our

dx.doi.org/10.1021/bi400524h | Biochemistry 2013, 52, 4881—-4890
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Figure 8. Sequential addition of cytidine and thymidine to the nascent DNA chain. '*N- and "*C-labeled dCTP (d*CTP) (7 and 2 mM,
respectively) were added sequentially to a crystal of Dpo4 in a hanging drop containing SO mM MnCl,. (A) Raman difference spectrum of the crystal
after reaction with d*CTP for 30 min minus the Raman spectrum before soaking in d*CTP. (B) Raman difference spectrum showing the dTTP
reaction after the addition of d*CTP to the primer chain. dTTP (2 mM) was soaked into the crystal containing covalently bound d*C for 100 min.
This crystal was washed for S0 min in a holding solution containing no dTTP. Figure 7B is the difference spectrum [d*C crystal + dTTP + washing]

minus [crystal before addition of d*CTP].

experiments is the conformational changes the enzyme wishes
to make to achieve translation being opposed by crystal packing
forces.

Clearly, it would be of great interest to compare the reaction
in solution with that in the crystal. Until very recently, solution
studies using normal (nonresonance) Raman spectroscopy
were technically impossible. However, a flash freezing protocol
that can examine the reaction in aqueous solution on the
millisecond time scale has been developed in our laboratory,*®
and this approach will be used to follow dNTP incorporation
catalyzed by Dpo4 DNA polymerase in aqueous solution.

Our Raman database of nucleic acid polymerases is being
extended. The present DNAP is the smallest, a single subunit of
~40 kDa containing a DNA primer and an 18-nucleotide
template. Recently, results for a 115 kDa RNA polymerase from
the N4 phage virion were presented after the initiation of the
RNA chain had been studied.’® This in crystallo initiation
reaction was ~3 times faster than the present DNA chain
extension. The simultaneous soak-in of GTP and ATP was
observed to plateau at 7 min. A small protein conformational
change was seen at approximately the same time, and this was
assigned to movement of the o-helix near the active site.
Functional active site formation about two Mg** ions was also
seen in <10 min as evidenced by Asp side chains acting as
ligands to Mg**. Triphosphate intensity reduction showed that
catalysis was complete shortly after 10 min. Basu and
Murakami*® used the Raman kinetic data to flash freeze and
determine the structures of the N4 crystals at time points
between 0 and 10 min of soak in. The predictions from Raman
crystallography were borne out; they were able to obtain high-
quality X-ray structures for intermediates during the formation
of the covalent nucleic acid backbone bond. The trio of
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polymerases is completed by recent Raman studies of a RNAP
from the bacterium Thermus thermophilus (Tth RNAP)
(unpublished work, this laboratory). This is a five-subunit
380 kDa “machine”. Time-resolved in crystallo Raman data
showed that the base to be incorporated, GTP, soaks in and
“plateaus” after 30 min. This triggers a large reversible change
in protein conformation probably from functionally important
a-helices that flank the active site to crablike “pincers” that form
a channel to the active site. The protein conformational change
is accompanied by a modest and reversible change in DNA
backbone from the RNA—DNA hybrid between 0 and 60 min.
The conformational changes lead to GTP incorporation
between 65 and 100 min. Covalent bond formation occurs,
apparently, shortly after the nucleic acid skeleton has
translocated through the active site channel. Remarkably, the
Tth RNA polymerase in the crystal appears to be primed for a
second round of nucleotide triphosphate incorporation.

Thus, in all these NAPs, the cognate NTP can be followed
soaking into its crystal and starting or incorporating into a
nucleic acid chain. The time scales range from minutes to tens
of minutes, probably 10000 to 100000 times slower than in
solution. In each instance, the time points of “interesting
intermediates” that are candidates for X-ray analysis can be
identified. In the case of RNAP from N4, this prediction has
been met and their intermediates have been characterized by X-
ray crystallography. DNAP and Tth RNAP reactions have yet to
be studied by X-ray.
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