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Abstract
Water plays essential structural and dynamical roles in protein-DNA recognition through
contributing to enthalpic or entropic stabilization of binding complex and by mediating
intermolecular interactions and fluctuations for biological function. These interfacial water
molecules are confined by the binding partners in nanospace but in many cases they are highly
mobile and exchange with outside bulk solution. Here, we report our studies of the interfacial
water dynamics in the binary and ternary complexes of a polymerase (Dpo4) with DNA and an
incoming nucleotide using a site-specific tryptophan probe with femtosecond resolution. By
systematic comparison of the interfacial water motions and local sidechain fluctuations in the apo,
binary and ternary states of Dpo4, we observed that the DNA binding interface and active site is
dynamically solvent accessible and the interfacial water dynamics are similar to the surface
hydration water fluctuations on picosecond time scales. Our molecular dynamics simulations also
show the binding interface full of water molecules and nonspecific weak interactions. Such a fluid
binding interface facilitates the polymerase sliding on DNA for fast translocation while the
spacious and mobile hydrated active site contributes to the low fidelity of the lesion-bypass Y-
family DNA polymerase.
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Introduction
Water plays a critical role in protein-DNA recognition through entropic and enthalpic
contributions in their binding energy for structural stability and through interfacial
specificity and flexibility in their dynamic interactions for biological function.1–13 The
binding interface is heavily solvated due to the high polarity of the negative phosphate
groups on DNA and the abundance of charged groups on the protein. The extensive analyses
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of many protein-DNA complexes showed that water mediates interactions dominantly by
screening unfavorable electrostatics and hydrogen bonding at the interface.2,5 Water can
also behave as a “filler” to maintain packing densities at interface.3 For a large binding area,
the specific recognition can occur at several positions to reach specificity by the entropic-
driven water displacement and the enthalpic-enhanced direct interactions (hydrogen
bonding, hydrophobic contact, van der Waals, electrostatic). The nonspecific interactions
dominate the binding area with mobile water molecules acting various roles to maintain
interfacial flexibility.6–13 In some cases, the interfacial water molecules can exchange with
bulk solvent and the time scale was believed in nanoseconds,6,11–13 similar to the dynamics
of trapped water molecules inside protein cavities.14 These dynamic water molecules
actually maintain a partially disordered interface and behave as a molecule glue to increase
structural adaptability and even to lubricate protein sliding on the DNA.1 Actually, these
mobile interfacial water molecules may fluctuate even faster on a time scale shorter than
nanoseconds,15 making experimental observation more difficult.

In this report, we studied the solvent dynamics at the binding interface of Sulfolobus
solfataricus DNA polymerase IV (Dpo4) complex with DNA. Dpo4 is a model Y-family
DNA polymerase that catalyzes DNA lesion bypass.16 It contains a typical polymerase core
consisting of finger, thumb and palm domains which are structurally arranged in a right
hand-like configuration, and a little finger domain which is only found in the Y-family
members; see Figure 1. Comparison of the X-ray crystal structures of apo Dpo4 and its
binary complex with DNA reveals a 131° rotation of the little finger domain relative to the
polymerase core upon DNA binding.17 In the binary structure, the little finger and thumb
domains hold the DNA duplex from the major and minor grooves, respectively.18 The active
site of Dpo4 in the polymerase core is spacious and solvent-accessible due to the unusually
small and stubby thumb and finger domains (Figure 1). During the binding of an incoming
nucleotide to form the Dpo4-DNA-dNTP ternary complex, the active site residues undergo
rearrangements but the polymerase core retains the same configuration.19 Since the ternary
structure shows a flexible and solvent accessible active site,17,18,20 mobile water molecules
must be involved in numerous nonspecific binding interactions. Interestingly, water
molecules have been recently proposed to involve in the local active-site reorganization and
the catalytic nucleotidyl-transfer reaction.21,22

Here, we systematically characterized the solvent dynamics at residue Y12 in the finger
domain, which is part of the active site of Dpo4, and at residue S244 in the little finger
domain, which is within the DNA binding cleft, in the three states of Dpo4 (Dpo4 alone, the
Dpo4-DNA binary complex and the Dpo4-DNA-dNTP ternary complex) (Figure 1).23 Since
Dpo4 (352 amino acid residues, 40.2 kDa) does not possess a single tryptophan residue (W),
we generated two single point mutants Y12W and S244W through site-directed
mutagenesis. In addition, we prepared a single point mutant Y312W in order to monitor the
solvent dynamics at residue Y312 in the little finger domain, which serves as a control site
based on the fact that Y312 is on the surface of Dpo4 and is not involved in DNA binding
and polymerase function (Figure 1). Using the methodology we developed before,23–26 we
measured the femtosecond (fs)-resolved fluorescence dynamics of the probe tryptophan in
the three states of Dpo4 and determined the water dynamics around the Dpo4 surface, at the
complex binding interface, and on the active site with and without an incoming nucleotide.

Materials and Methods
Sample Preparation

S. solfataricus Dpo4 gene was cloned into the NdeI and XhoI sites of pET22b and a His6 tag
was attached to the C-terminal. We also prepared the plasmids encoding three point mutants
of Dpo4 (Y12W, S244W and Y312W) by site-directed mutagenesis. The four plasmids were
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individually transformed into E. coli BL21(DE3). Then, Dpo4 and the mutants were
expressed and purified by following the procedures reported previously.27 The purified
proteins were stored in a buffer solution containing 50 mM Tris-HCl (pH 7.5), 200 mM
NaCl, 5 mM MgCl2, 1 mM DTT, 0.5 mM EDTA, and 5% glycerol. The concentration of
each Dpo4 mutant used in the laser experiments was around 800 µM. DNA was purchased
from Integrated DNA Technologies (Coralville, IA) and then purified and annealed before
mixing with the polymerase. The sequences of the duplex DNA substrate are 8-mer 5´-
AATCGCCG-3´ and 6-mer 5´-CGGCGA-3´ as the template and primer, respectively. The
mixing ratio of Dpo4 to duplex DNA concentrations is 1 to 1.1 (Kd=~10 nM). The incoming
nucleotide used is ddTTP (Kd=~230 µM) and is recognized at the active site but without the
catalytic reaction after one incorporation due to the removal of the hydroxyl group at the 3’
position. The kinetic competency of Y12W, S244W and Y312W was examined by pre-
steady state kinetic analysis, and their structures were analyzed by circular dichroism (CD)
spectroscopic analysis.28 These mutants were concluded to have the same structure and
function as wild-type Dpo4.

Femtosecond Fluorescence Spectroscopy
All fs-resolved measurements were carried out using the fluorescence up-conversion method
as described before.29 Briefly, the pump wavelength was centered at 295 nm from a series of
nonlinear mixing and doubling in 0.2-mm-thick barium borate crystals (BBO, type I) with a
repetition rate of 1 kHz. The pump pulse energy was typically attenuated to 140 nJ prior to
being focused into the motor-controlled rotating sample cell. Using 295-nm wavelength to
excite the sample minimized tyrosine absorption in Dpo4 and the observed fluorescence was
essentially from the excited tryptophan emission. The fluorescence emission was collected
by a pair of parabolic mirrors and then mixed with a gating pulse (800 nm) in a 0.2-mm-
thick BBO crystal through a nonlinear configuration. The up-converted signal ranging from
218 to 292 nm was detected by a photomultiplier coupled with a double-grating
monochromator. The instrument response time under the current noncollinear geometry is
between 350 and 450 fs as determined from the water Raman signal around 327 nm. The
pump-pulse polarization was set at the magic angle (54.7°) with respect to the acceptance
axis (vertical) of the up-conversion crystal, and the gating-pulse polarization was set parallel
to this axis. For all fluorescence anisotropy measurements, the pump-pulse polarization was
rotated to either parallel or perpendicular to the acceptance axis to obtain the parallel (I//)
and perpendicular (I⊥) signals, respectively. These transients were used to construct the fs-
resolved anisotropy dynamics: r(t)=(I//− I⊥)/(I//+2I⊥).

Results and Discussion
Steady-State Emission, Ultrafast Fluorescence Transients and Solvent Accessibility

Figures 2A and 2B show the steady-state emission spectra of three mutants in different
states. All three mutants have the emission peaks around 340 nm in the apo state, indicating
that the three tryptophan residues are located at the protein surface and exposed to solvent
molecules.30 Surprisingly, upon DNA binding, the emission peaks of the Y12W and S244W
mutants show negligible changes and the recognition have little effect on the local polarity
around the probe. The residue Y12W is located at the active site of Dpo4.18 After DNA
binding, the emission peak changes from 341.1 to 341.3 nm and with an incoming
nucleotide in the ternary state to 341.1 nm again. This observation clearly indicates that the
active site in the complex is fully solvent accessible and the incoming nucleotide by
displacement of a few water molecules has a little perturbation on the local polarity. The
little finger residue S244W is located within the major groove of DNA in the Dpo4-DNA
binary complex and the emission peak is 342 nm, slightly blue-shifted from 342.2 nm in the
apo state, even with a large conformation swinging during the interactions with DNA.17 In
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the ternary state, the emission remains the same, indicating that the local structure and polar
environment around S244W have negligible changes with an incoming nucleotide. The
Y312 mutant was chosen as a control and is located on the surface of the little finger domain
and far from the DNA binding pocket. Similarly, the local environment around Y312W
shows a minor change from 339.1 nm in the apo state to 339.7 nm in the two complex states,
still exposed to surface solvent. Figure 2C shows the different fluorescence transients of the
lifetime emission of the three mutants at 360 nm in the apo state. These lifetimes remain
similar upon complexation with DNA, further indicating the similar polar environments of
the probe in the three states of Dpo4 and thus a lot of water molecules staying at the
interface.

Figure 3 shows the fs-resolved fluorescence transients of Y12W at several typical
wavelengths gated from the blue to red side of the emission spectra (Figure 2A) in the apo
and binary states along with the fluorescence signals of DNA alone in buffer solution. The
DNA signals decay in femtoseconds due to the ultrafast deactivation of excited state through
conical intersections.31,32 The signals in the complex can be directly obtained from the wild-
type (no tryptophan residue) or Y312 mutant (no interactions with DNA) binary state and
are similar to those in buffer solution (Figure S1), indicating the DNA base-pair structure
and hydration unchanged in the different states. The transients of the Y12W ternary state
and other two mutants S244W and Y312W in the different states are given in the SI (Figures
S2–S4). Similar to many proteins we studied,23–26, 33–35 the transients of Y12W in the apo
state show the decay at the blue side and rise on the red end of the emission spectra, a
typical signature of solvation dynamics mainly from relaxation of neighboring water
molecules. The transients exhibit three decay components (330–500 fs, 3.6–7.5 ps and 85–
110 ps) at the blue side and two rise components (0.4–1.1 ps and 8.9–15.4 ps) besides two
long lifetime emissions. These time scales typically reflect surface hydration water
relaxation within ~10–15 Å.36,37 Systematic studies have indicated that the time scale less
than a few picoseconds represents the water-network local relaxation and the dynamics in
tens of picoseconds results from the water-network rearrangements, coupled with local
protein fluctuations, from a nonequilibrium configuration to an equilibrated
state.23–26,33,38–41 In the binary and ternary states, the transients show a similar pattern and
slightly slow down with three decay components around 0.65–1 ps, 4.5–10 ps and 85–137
ps. Interestingly, the dynamics of residue S244W are similar to those of Y12W with three
distinct time scales and also slow down upon DNA binding. For the probe in residue
Y312W, the relaxation is the same for all three states of Dpo4 with three distinct decay
components because Y312W is not directly involved in the interactions with DNA.

Both the steady-state emission and the fluorescence transients show the slight changes upon
DNA binding, clearly showing a significant amount of water molecules in the DNA binding
cleft and active site of Dpo4. Thus, the interface is highly solvated and solvent accessible.
These water molecules are partially confined by two sides of the polymerase and DNA,
respectively, but we did not observe any dramatic changes of the dynamics. Thus, those
water molecules are not trapped at the interface and must exchange with bulk solvent. The
interactions between Dpo4 and DNA are loose and the interface is dynamically solvent
accessible.

Hydration Dynamics, Local Fluctuations and Interfacial Water Mobility
With the methodology we developed23,26,42 and careful analyses of the complex signals (see
SI), we can quantitatively examine the dynamics and flexibility of those interfacial water
molecules and determine how mobile they are at the interface. Figure 4 shows the final
correlation functions of the local relaxation dynamics of three mutant positions with the
local structural and chemical properties displayed at the top. Overall, the dynamics of
Y312W are the fastest among the three mutants due to the convex structure and exposed
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site. The dynamics of S244 and Y12W are longer because of the densely positive-charged
neighboring environment and the concave structure at the bottom of the binding pocket,
respectively. Specifically, for Y312W, the correlation functions in the three states are nearly
the same, consistent with their structural results that show no direct interactions with
DNA.18 Thus, the dynamics represent the surface-water motions in the hydration layers. For
S244W, the dynamics in the binary state slow down owing to the local confinement by the
interactions with DNA, but keep similar in the ternary state due to its long distance from the
active site. For Y12W, the dynamics in three states are different, gradually slowing down
with complexation, indicating the changes by interactions in the binary state and further
addition of an incoming nucleotide at the active site in the ternary state.

Figure 5 shows the detailed relaxation energies and time scales probed by tryptophan at the
three positions in the three states (Table S1). For the control position of Y312W, the three
time scales in the three states are all around 0.35, 3.5 and 52 ps, a typical hydration water
relaxation around a rigid protein. The 0.35-ps dynamics (τ1) results from the outer-layers
water relaxation in the hydration shell, close to bulk water. The 3.5-ps time scale (τ2)
reflects inner-layers water relaxation near the protein surface. The longtime relaxation of 52
ps (τ3) dominantly represents the water-network rearrangements, mostly translational,
coupled with local protein fluctuations.23–26,38,41,43,44 The total energy relaxation is about
1100 cm−1 and the corresponding energy distributions are around 33% (E1), 37% (E2) and
30% (E3). The slight increase (20–30 cm−1) of E2 and E3 in the binary and ternary states is
from the slightly red-shifted emission (Figure 2B) due to a large conformation change
(Figure 1). For S244W, the three time scales are 0.37, 4.8 and 111 ps in the apo state with
the corresponding relaxation energies of 539, 407 and 372 cm−1, respectively. The three
time scales are consistent with the surface-water relaxation around a dense-charge site
observed in apomyoglobin.24,25 Upon DNA binding, the E1 energy drops significantly to
119 cm−1, but the corresponding time τ1 increases to 0.86 ps. The other energies of E2 and
E3 increase to 579 and 564 cm−1 (Figure 5A) and their time scales of τ2 and τ3 lengthen to
6.1 and 136 ps (note the log scale in Figure 5B), respectively. These results are completely
consistent with the DNA binding; the outer-layers water molecules around the binding site
of S244W are partially confined and could be reduced, leading to the significant change of
the first ultrafast component both in the relaxed energy and on the time scale. The total
relaxation energy (~1300 cm−1) and local polarity (λmax~342 nm) do not change
dramatically after the DNA binding and thus the partially confined water molecules take
slightly longer times (τ2 and τ3) to finish complete relaxation with more solvation energy
release at the interface. However, all these changes are not significant and again the water
molecules are not trapped at the interface because the trapped water molecules relax in
nanoseconds or longer.14,45,46 Thus, those water molecules around the binding site are still
very mobile. With an incoming nucleotide, the dynamics and released solvation energies are
similar, consistent with the minor structural changes at the distant binding site.

For Y12W around the active site, the three time scales in the apo state are 0.43, 5.2 and 120
ps, similar to those of S244W, with the corresponding energies of 534, 453 and 372 cm−1,
respectively. Although there are less charged residues around Y12W at the active site, the
probe (W12) is at the bottom of the binding pocket with a concave local structure and thus
water molecules are expected to move relatively slower.47,48 With complexation of DNA
and a nucleotide, the time scales become gradually longer, 0.62, 7.4 and 140 ps for the
binary state and 0.91, 8.31 and 140 ps for the ternary state. Similarly, the first energy
components become smaller due to the confinement by the DNA binding (277 cm−1) and
further incorporation of a nucleotide (196 cm−1). However, in the binary state both the
second and third components of E2 and E3 keep slight increases to 488 and 419 cm−1,
respectively. This observation indicates more water molecules confined, leading to energy
increases of E2 and E3. With an incoming nucleotide, the E2 energy is nearly the same, and
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E3 increases to 494 cm−1, consistent with the local structural reorganization induced by the
nucleotide binding. Overall, these changes are also not significant and even less than those
observed in S244W, consistent with the large water-exposed open area around the active site
(Figure 1).

We also studied the local sidechain flexibility in the three states by measuring the fs-
resolved anisotropy dynamics of the probe tryptophan (Fig. S5) and obtained the wobbling
angles (θ) and related time scales (τw) besides that we observed a longer tumbling time for
the binding complex than that for the apo protein alone.49 In our systematic studies of
apomyoglobin,25 we observed that the solvation relaxation τ3 has an intrinsic relationship
with the local wobbling time τw of tryptophan. Figure 6A shows the relationship we
observed for all three states. Surprisingly, the observed wobbling and long solvation times at
the three positions in the apo state are linearly correlated, indicating that the local wobbling
motion is inherently related to the coupled water-protein relaxation (insert in Figure 6A).
Note that the correlated line starts at the original point of (0, 0). Interestingly, the data of
Y12W in the binary and ternary states also nearly follow the linear line, indicating that the
active site in the two states of Dpo4 is highly solvated, similar to the apo-state property. But,
for S244W, the times in the two complex states of Dpo4 do not follow the line any more,
falling into the complex region where the increase of the local structural constraints by the
binding of DNA and dNTP causes longer τw.

We also defined the solvation speed (Si=Ei/τi, i=1–3) and the angular speed (ω=θ/τw) as two
parameters to quantify how fast the water network relaxes and how flexible the sidechain
wobbles, respectively.25 In Figure 6B, we plotted the angular speed ω of tryptophan relative
to the solvation speed S3. Again, the data in the apo state surprisingly exhibit a linear
correlation starting at (0, 0). But, the data in the binary and ternary states fall into the
complex region due to the certain constraints by the interactions at the interface, reducing
the angular speed. Surprisingly, we observed the solvation speeds (S3) of S244W in the
complex states are faster than that in the apo state, implying a more mobile environment
around S244 at the interface. In insert of Figure 6B, it shows the significant decreases of S1
for both S244W and Y12W sites owing to the binding of DNA and dNTP. For S244W,
similar to S3, S2 increases in the complex states, further indicating the more mobile water
networks at the interface. For Y12W, S2 gradually decreases in the binary and ternary states
due to the binding of DNA and dNTP. For Y312W as a control outside of the binding area,
the data are similar for all three states in Figures 6A and 6B.

The systematic analyses of the fluorescence transient behaviors and local anisotropy
dynamics clearly show a characteristic of hydration water dynamics around the protein
surface in the apo state with two major water-network relaxations of a local orientational
motion in femtoseconds (outer-layers water) to a few picoseconds (inner-layers water) and a
water-protein coupled translational motion in tens to a hundred of picoseconds (inner-layers
water). With the binding of DNA and an incoming dNTP, those dynamics show changes,
reflecting the nature of interactions by imposing certain constraints on the interfacial water
molecules. However, the observed changes in the DNA binding cleft (S244W) and the
active site (Y12W) are small and insignificant, revealing the mobile interfacial water
molecules at the DNA binding cleft and active site of Dpo4.

Interface Fluidity, Active-Site Flexibility, and Low Fidelity
The X-ray binary structure shows that the little finger and thumb domains grip the dsDNA
about eight base pairs across the major groove and the minor groove, respectively (Figure
1C). The interactions are mainly with phosphodiester moieties and a few deoxyriboses
through hydrogen bonds and van der Walls contacts. No direct interactions with the DNA
bases were observed.18 The S244 site is at a loop near the end of the β-11 strand in the little
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finger domain and interacts with the major groove of DNA (Figure 1C). Near the active site,
a large crevice is formed between the little finger and finger domains and such a hole is
solvent accessible (Figure 7A).18 The Y12W site is in the α-helix A in the finger domain
close to the position of the incoming nucleotide and adjacent to the active site. Although the
X-ray complex structures do not show many water molecules at the interface, our
experimental observation clearly indicates a significant amount of mobile interfacial water
molecules mediating DNA interaction and the X-ray scattering cannot capture the mobile
water in structure.

We performed molecular dynamics simulations with a time range of 4 ns with fixing the
DNA and incoming nucleotide structures. Figure 7 shows a snapshot of our simulation
results with a full of water at the interface. The interfacial water molecules in Figures 7A
and 7B were calculated with a total distance from the polymerase and DNA within 10 Å and
a total number of 274 interfacial water molecules were observed. Figures 7C–E show the
local structure of Y12W within 12 Å in the three states with the interfacial water molecules
within 7.5 Å from the indole ring of the tryptophan probe. Within 7.5 Å, there are 30, 21 and
11 water molecules around Y12W in the apo, binary and ternary states, respectively, but
within 10 Å increasing to 67, 50 and 37 ones. For S244W, there are 61 and 33 water
molecules within 7.5 Å and 136 and 70 ones within 10 Å in the apo and complex states,
respectively. For Y312W, a total of 43 water molecules within 7.5 Å and 108 ones within 10
Å in all the three states. The binding clearly reduces the number of water molecules but a
significant number of water molecules still remains at the interface.

Based on the experimental observations of static binding interactions from the X-ray
structures, a significant amount of water molecules at the interface from our MD
simulations, and dynamic water accessibility and ultrafast water mobility at the binding and
active sites from our fs-resolved site-specific studies, a cohesive picture on the interaction
interface emerges. The interface is full of dynamic water molecules and behaves fluid. Such
fluidity maintains weak and loose interactions between the polymerase and DNA, facilitates
the polymerase sliding on the DNA. The active site is spacious and highly solvent
accessible. Such a mobile solvated active site in the flexible complex leads to an error-prone
and lesion-bypass DNA synthesis and gives rise to the low fidelity of Dpo4. The mobile
interfacial water molecules play a significant role in Dpo4 function.

Conclusions
We reported here our characterization of the interfacial water dynamics in the binary
complex of the polymerase Dpo4 with DNA and in the ternary state with a nucleotide
substrate. Using tryptophan as a local optical probe through site-direct mutagenesis, we
studied two specific positions at the interface, a binding site located in DNA major groove in
the little finger domain (S244W) and the active site (Y12W) in the finger domain, as well as
one control site (Y312W) in the little finger domain far from the interaction interface. By the
systematic comparison of the hydration water dynamics and local sidechain motions in the
apo, binary and ternary states, we observed that the complex interface is dynamically solvent
accessible and the water molecules are not trapped at the interfacial nanospace and are
extremely mobile on the picosecond timescales, similar to the surface-water motions in the
apo state without DNA interaction. The observed slight changes in dynamics in the complex
states reflect that the confinement by the substrate binding is not severe and tight. The
complex interactions are weak and loose, resulting in a fluid interface with a significant
amount of water molecules to lubricate sliding between the polymerase and DNA with fast
translocation. The spacious and water-flooding active site can accommodate various
substrates and leads to an error-prone and lesion-bypass DNA synthesis with the low
fidelity. The mobile interfacial water is critical to the flexible complex and active site of

Qin et al. Page 7

J Phys Chem A. Author manuscript; available in PMC 2014 December 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dpo4 and plays a significant role in Dpo4 function. The method developed here is general
and can be used to study other important protein-DNA complexes, especially for the
replicative polymerases, and such work is currently under way.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The X-ray structures of Dpo4 in both apo (PDB: 2RDI) and binary (PDB: 2RDJ) states. (A)
and (B) show the surface-map and ribbon presentations of the apo structure with four
domains of thumb (green), palm (red), finger (blue) and little finger (magenta) in the right
hand-like architecture. Three mutation sites (Y12W, S244W and Y312W) are shown as
yellow patches in (A) and balls in (B). (C) and (D) show the corresponding binary structure
with the binding DNA (orange).
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Figure 2.
(A) Normalized steady-state emission spectra of three Dpo4 mutants in the apo state. The
arrows indicate the fluorescence wavelengths gated in fs-resolved measurements. (B)
Normalized steady-state emission spectra of the mutant Y12W at the active site in the finger
domain and Y312W as a control in the little finger domain with and without binding to
DNA. The inset shows a close-up view around the emission peaks and the peak differences
are minor. (C) Femtosecond-resolved fluorescence transients of the three Dpo4 mutants
gated at 360 nm in apo state. The symbols are the experimental data and the solid lines are
the best exponential fit.

Qin et al. Page 12

J Phys Chem A. Author manuscript; available in PMC 2014 December 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The left two columns show the normalized fs-resolved fluorescence transients of Y12W
from seven selected wavelengths in the apo state on the short and long time ranges. The
middle two columns are the corresponding normalized fs-resolved fluorescence transients of
Y12W in the binary state with binding of DNA. The last column shows the normalized fs-
resolved fluorescence transients of DNA alone in buffer solution. All the experimental data
are shown in circles and the solid lines are the best exponential fit.
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Figure 4.
Local protein properties and solvation correlation functions for the mutant Y312W (A),
S244W (B) and Y12W (C) of Dpo4 in the apo, binary and ternary states. (Upper) Surface-
map and ribbon representations of the local structures within 12Å from the tryptophan probe
with positive (blue), negative (red) and neutral (white) residues as well as mutation sites
(yellow). The yellow balls in the ribbon structures indicate the specific mutation sites.
(Lower) Solvation correlation functions in three different states. The circles are the derived
experimental data and the solid lines are the best exponential fit. Y312W as a control shows
no changes in the three states, S244W in the binding site results in slowdown from the apo
state to the complex states, and Y12W in the active site shows gradual changes from the
apo, to binary and to ternary states.
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Figure 5.
(A) The derived solvation energies and (B) the corresponding relaxation times for the three
mutants of Dpo4 in three different states of apo (gray), binary (green) and ternary (red).
Y312W is a control and not directly involved in the interactions with DNA and thus shows
no obvious changes in three different states for three energies and three time scales. S244W,
located at and interacting with the major groove of DNA but far from the active site, shows
changes from the apo state to the complex states both in energy and in time. Y12W, around
the active site and directly probing the binding of DNA and an incoming nucleotide, shows
gradual changes in energy and time from the apo state to the binary complex and then to the
ternary state. See text.
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Figure 6.
(A) Correlation of the long solvation time τ3 and the local wobbling time τw. The blue area
is the complex region that the binding interactions result in a longer τw. S244W in the
complex states falls into this region. The other two mutants follow the correlated line
indicating the intrinsic relationship between the coupled water-protein relaxation and local
sidechain motion. The inset shows a cartoon representation of the two inherent motions. (B)
Correlation between the solvation speed S3 and the angular speed ω. The blue area is the
corresponding complex region where the sidechain relaxation speed is reduced due to the
constraints from DNA and dNTP binding. The data of three mutants in the apo state follow a
straight line. The inset shows the solvation speeds S1 and S2 of the three mutants in all three
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states of apo (black), binary (red) and ternary (blue). Note that the solvation speeds of S2
and S3 for S244W slightly increase in the complex states.
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Figure 7.
A snapshot from a molecular dynamics simulation in 4 ns. (A) and (B) show 274 interfacial
water molecules between Dpo4 (white) and DNA (orange) from two different views. The
mutation sites are shown by the yellow patches. (C), (D) and (E) show the local structures of
Y12W within 12 Å and interfacial water molecules within 7.5 Å from the probe tryptophan
in the three states. The positive and negative charged residues are in blue and red and the
neutral residues in white. The mutation site is patched in yellow. The dsDNA is shown in
orange while the nucleotide dCTP in orange sticks (E). Within 7.5 Å, 30, 21 and 10 water
molecules were observed in the apo, binary and ternary states, respectively.
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