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The energetic contributions of individual DNA-contacting side
chains to specific DNA recognition in the human papillomavirus 16
E2C-DNA complex is small (less than 1.0 kcal mol '), independent
of the physical and chemical nature of the interaction, and is strictly
additive. The sum of the individual contributions differs 1.0 kcal
mol ! from the binding energy of the wild-type protein. This differ-
ence corresponds to the contribution from the deformability of the
DNA, known as “indirect readout.” Thus, we can dissect the ener-
getic contribution to DNA binding into 90% direct and 10% indirect
readout components. The lack of high energy interactions indicates
the absence of “hot spots,” such as those found in protein-protein
interfaces. These results are compatible with a highly dynamic and
“wet” protein-DNA interface, yet highly specific and tight, where
individual interactions are constantly being formed and broken.

A most fundamental issue in protein-DNA recognition is how a pro-
tein achieves a high degree of selectivity among different DNA sites of
very similar overall structure, containing exquisitely fine differences in
their chemical properties (1). The specific DNA site location must be
kinetically accessible within biologically relevant time scales, given that
the specific DNA binding site is immersed in a vast excess of potential
nonspecific binding sites.

The energetic contributions to the binding of proteins to specific
DNA sequences is the result of the formation of an intricate network of
contacts between the binding partners, often coupled to conformational
rearrangements in either or both macromolecules (2). Integrated struc-
tural and energetic analysis of protein-DNA interaction systems reveals
that specific recognition involves direct contacts between the amino
acid side chains and DNA bases, a mechanism known as “direct read-
out” of the DNA sequence (3). The lack of a simple correspondence
between amino acid residues and specific DNA bases precludes the
identification of a simple code for predicting the observed binding ener-
getics (4). In addition, the fact that mutations on DNA bases that are not
directly contacted by the protein often affect the interaction energetics
(5) implies that local or distant sequence-dependent conformational
transitions of the DNA molecule also affect protein-DNA binding, a
mechanism termed indirect readout (6). Precisely how these two mech-
anisms contribute to the overall binding energetics is not known, and
statistically based potentials predict that their relative contributions are
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not the same for all protein-DNA pairs (3). Experimental determination
of the energetic contributions of direct and indirect readout requires
modification of amino acid side chains and/or DNA bases, perturba-
tions that would normally affect the structural and energetic properties
of distant, non-targeted contacts (7, 8). These mutually dependent
effects preclude a straightforward assignment of the energetic contribu-
tions to DNA binding in most protein-DNA systems.

The DNA binding domain of the papillomavirus E2 transcriptional
regulator (E2C) is emerging as a remarkable model system to analyze
these effects. E2 proteins bind at multiple sites on the viral and
host genomes, regulate the expression of all viral genes, and parti-
cipate in viral DNA replication (9, 10). The E2 binding sites of all viral
strains consist of a highly conserved dodecameric sequence,
ACCGNNNNCGGT, where N is any base separating the palindromic
half-sites. Each half-site is symmetrically contacted by one DNA bind-
ing helix of each monomer, forming a discontinuous protein-DNA
interface responsible for DNA binding specificity (11, 12). Mutations at
the central non-contacted “spacer” sequence affect the binding affinity
(13), and recent studies propose a partial structural code for specific site
recognition (14). The E2C-DNA system is of particular interest because
the interaction involves components of both direct and indirect read-
outs of the DNA sequence and, in contrast to many other protein-DNA
systems, there is an established decoupling between the energetic con-
tributions from both mechanisms (15). In the present study, we exper-
imentally traced the origins of the direct readout energetics by means of
a systematic rational perturbation approach of the DNA binding inter-
face and determined that most of the binding energy comes from this
recognition mode in this model system.

MATERIALS AND METHODS

Proteins—Wild-type HPV16 E2C mutants were produced, expressed,
and purified as described previously (25).

Circular Dichroism—Samples containing 10 um E2C proteins were
extensively dialyzed against 10 mm sodium acetate buffer, pH 5.6, in 1
mM dithiothreitol, and far UV CD spectra were recorded using the Jasco
J810 equipment. Thermal denaturation was followed by the change in
molar ellipticity at 225 nm. The data were fitted to a standard concen-
tration-dependent temperature denaturation equation (41).

Determination of the Equilibrium Dissociation Constants—Equilib-
rium binding of E2C protein to a specific E2 DNA site was carried out by
fluorescence spectroscopy as described previously (25). Briefly, 0.5-50
nM solutions of a fluorescein-labeled DNA oligonucleotide containing a
specific HPV16 E2 site in a buffer containing 20 mwm bis-Tris*/HCl, pH
7.0, 1 mm dithiothreitol, and 0.2 M NaCl at 25 * 0.1 °C were titrated with
increasing amounts of the corresponding protein. The data were fitted
to a simple quadratic binding equation, and the K, and AG were calcu-
lated (25).

4The abbreviation used is: bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-
propane-1,3-diol.
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294 304 313 323
HPV-16 HLKGDA ~-HCTLYTA VSSTWHWTG HN- HES-
HPV-18 HLKGDR NSLKCLRYRL RKH-SDHYRD ISSTWHWTG AGNEK---T
HPV-31 HLKGDA NILKCLRYRL SK-YKOLYEQ VSSTWHWTC TD-GKHKN-
HPV-33 HLKGES NSLKCLRYRL KP-YKELYSS MSSTWHWTS DN-KNSKN-
HPV-45 HLKGDK NSLKCLRYRL R-KYADHYSE ISSTWHWT- GC---NKNT

FIGURE 1. The DNA binding interface of the E2C-DNA complex. g, crystal structure of the HPV18 E2C domain bound to specific DNA (12) (Protein Data Bank accession code, 1JJ4).
b, representation of the DNA binding helices of free HPV16 E2C (Protein Data Bank accession code, 1R8P). ¢, comparison of the amino acid sequences of the DNA binding helices of
HPV16 E2C to HPV18 E2C and domains from other relevant strains. The known and presumed (82-83 loop) DNA contacting residues that were mutated are shown in color.

RESULTS

Experimental Design and Characterization of the E2C Mutants—The
E2C domain is formed by the homodimerization of two identical
polypeptide chains that cooperatively fold (16, 17) into a dimeric 3-bar-
rel structure (Fig. 1, @ and b) (18, 19). The structures of E2C-DNA
complexes show that the two chains interdigitate at the B-barrel and
expose four a-helices, two of which insert into successive major grooves
of B-DNA, contacting the ACCG half-sites (12, 20). The macromolec-
ular interface formed by E2C and the DNA site is an intricate network of
contacts with electrostatic interactions between the basic side chains of
E2C and the DNA phosphate backbone being predominant and direct
or water-mediated H-bonds between the side chains and the bases. The
central non-contacted spacer sequence is bent toward the minor groove
and is responsible for most of the indirect readout contribution
observed in this system (15). To assess the energetic contributions of the
nucleotide base to side-chain interactions, we tackled an energetic dis-
section of the interface contacts by modifying each of the protein side
chains by a rational site-directed mutagenesis approach (21).

The E2C domain of the HPV16 viral strain was chosen for this study
because it is well characterized biophysically (16, 17, 22, 23), and there
are extensive data on its DNA binding mechanism (22, 24 -29). Inter-
estingly, the binding affinity of HPV16 E2C has a stronger dependence
on the spacer sequence of its DNA site when compared with its homo-
logues, which suggests that it displays a maximal decoupling between
direct and indirect readout effects (15). We mutated each contact resi-
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due of the DNA binding helix, from Asn-294 to Lys-305, covering the
complete binding interface identified in the structure of the HPV18
DNA homologue (Fig. 1¢). In addition, we probed the loop connecting
B3 and B4, which was shown to contact the DNA backbone in the
DNA-E2C (BPV1) homologue (20) but appears flexible in HPV strains
(11), by carrying out five single mutations.

Direct Readout Energetics—For a mutagenesis perturbation approach
to be interpretable it is essential to carefully test the integrity of the
protein in terms of its overall structure and stability. We found that the
designed mutations disrupt neither the overall structure of the E2C
dimer nor the folding properties described for the wild-type protein, as
judged by far-UV circular dichroism spectroscopy (Fig. 2, inset B).
Moreover, all mutations analyzed were stable and cooperatively folded
(Fig. 2, inset A).

DNA binding activity of the wild type and each of the mutants was
monitored by a fluorescence spectroscopy assay in solution. This
allowed us to keep a minimal buffer composition in a well defined chem-
ical environment and detect nanomolar binding affinities accurately
(25). Because the mutant proteins bind to the same target oligonucleo-
tide, the energetic differences can be attributed to the substitutions on
the protein side chains, canceling out other effects. The change in bind-
ing free energy upon mutation (AAG,,,,) is defined as

AAGmut = AGmut - AGWt = _RTIn(KDmut/KDwt) (Eq. 1)
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FIGURE 2. Conservation of overall structure and stability of the E2C mutants. Ther-
mal denaturation of E2C variants was monitored by ellipticity changes at 225 nm (See
“Materials and Methods”). Inset A, shows the calculated T,,, for wild type and all mutants
tested. Inset B, shows the superposition of the far-UV CD spectra of the proteins prior to
thermal denaturation.

where K., and K, are the dissociation constants between the oligo-
nucleotide Fl site 35 and the mutant or wild-type protein, respectively.
The results are shown in Fig. 3 and TABLE ONE.

In general, the energetic perturbation caused by the conservative
mutations is small, between 0 and 2.0 kcal mol ™!, which means less than
1.0 kcal mol ™! assuming a symmetric energetic contribution by each
mutated residue per monomer.

In addition, all but one of the mutants show a decrease in binding free
energy in the range of the values assigned for similar substitutions in
other protein-DNA systems, in line with single side-chain deletion
effects (30, 31). Because our mutational strategy covers more than 95%
of the interaction surface and in the absence of any single high energy
interaction, we can confidently state that there is no hot spot in this
protein-DNA binding interface, such as those described in protein-pro-
tein and other protein-DNA interfaces (32-34). Thus, it is safe to
assume that the effects of the mutations are local, i.e. the overall struc-
ture and stability of the protein-DNA complex is not affected beyond
the mutation site.

Analysis of Individual Side-chain Interactions—To assign energetic
contributions to specific functional groups and validate the mutational
strategy at the structural level, particular amino acid side chains were
replaced with more than one substitution. Crystallographic data sug-
gested that the -OH motif of Tyr-301 is not involved in direct interac-
tions (12, 20). Mutation of this residue to Phe has minimal effect in the
binding free energy, in agreement with the structural data. The replace-
ment of the same residue with Ala allows us to estimate a contribution
of ~1.0 kcal mol™" to the interaction with the phenyl group, which is
involved in stacking interactions with DNA bases (11, 12). Replacement
of Cys-298 with either Ser, Ala, or Gly causes the same decrease in
binding energy, indicating that the interactions that this residue makes
cannot be replaced by its structural homologue Ser and that the confor-
mational restrictions around the Cys-298 ¢-is backbone angles do not
play a significant role in DNA recognition.

It is not clear whether the loop connecting strands 2 and 3 (82—33
loop) participates in DNA binding, because it faces the “non-contacting
spacer” region of the E2 site (12), and it is apparently too flexible to be
observed in the crystal structures of the different HPV E2C variants
obtained so far (18, 19). Our mutagenesis approach allows us to con-
clude that the positively charged Lys-325 and Lys-327 residues in the
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FIGURE 3. Binding free energies for E2C proteins. The AAG for each mutant was cal-
culated as explained under “Materials and Methods.” The vertical line separates the dis-
tance in sequence mutants probing the 82-33 loop.

TABLE ONE

Energetics of single side chain substitutions on binding of

E2C to its specific DNA target
Mutation K, AAG”

nm keal mol™*

WT 1.20 = 0.1 0
N294A 231 *11 -1.75 £ 0.3
T295A 0.30 £ 0.05 +0.82 = 0.12
K297A 294 *5 —1.89 = 0.12
K297R 335 *£ 54 —3.33*+0.12
C298S 101 £1 —125*0.1
C298G 105 £1.2 —1.28 £ 0.1
C298A 95*1 —-1.22 £ 0.1
R300M 114+ 14 —-1.33 £ 0.1
Y30IN 38.0*+2 —2.04 = 0.08
Y301F 1.58 = 0.2 —0.16 = 0.09
Y301A 6.5+ 0.7 —1.00 = 0.1
R302Q 75+ 13 —1.08 =0.13
R302M 54+0.3 —0.89 + 0.08
K304A 124+ 15 —1.38 £ 0.1
K305A 55+ 0.3 —0.90 = 0.08
V324A 1.6 0.1 —0.17 = 0.09
K325A 35*+0.3 —0.63 = 0.09
K325R 1.04 = 0.3 +0.08 = 0.15
K327A 43*0.2 —0.75 = 0.08
K327R 14 +0.1 —0.091 = 0.09
Total” -11.1+05

“ Obtained by subtracting the AG of the mutants from that of the wild type (WT),

12.1 = 0.08 kcal mol . A negative sign indicates weaker binding.
 The sum of the most conserved substitutions for each side chain contacting the
DNA,; these substitutions are highlighted in bold.

B2-PB3 loop do participate in coulombic interactions, presumably with
the DNA phosphate backbone, because replacement of both with Ala
causes a decrease in binding free energy of ~0.5 to ~1.0 kcal mol .
This decrease is completely restored if the residues are replaced by Arg,
suggesting that these residues participate in a nonspecific contact with
the DNA backbone, which lacks strong geometrical constraints. Con-
versely, this compensatory effect is not observed in the Lys to Arg sub-
stitution made at the center of the binding helix, where the mutation
K297R severely affects the binding affinity, indicating a strong steric
hindrance (TABLE ONE). Residue Val-324 of the 82—83 loop does not
contribute to the binding energy.
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TABLE TWO

Effects of double side-chain substitutions on E2C-DNA binding
Mutation Predicted AAG, . * Measured AAG; ,”
keal mol™* keal mol™*

C298A + R300M —2.55+0.16 —2.52 = 0.50
C298A + N294A —2.97 + 0.34 —2.93 *+0.19
Y301A + N294A —2.75 £ 0.32 —2.76 = 0.41
C298A + K297A —3.11 £ 0.16 —3.18 £ 0.15
Y301A + K297A —2.89 £0.16 —3.26 = 0.49

“ As predicted by the sum of the effects of the individual substitutions, shown in

TABLE ONE.
? Measured relative to the wild-type protein.

Lys-304 interacts with phosphate groups, contributing 1.4 kcal
mol ™! to binding energy. Two other residues that contact the phos-
phate backbone are Thr-295 and Arg-300 (12). T205A is the only
replacement that showed a mild albeit significant increase in affinity
(0.8 kcal mol ™, 0.4 kcal mol ! per symmetric single interaction) that
could be explained by less favorable interactions made by the Thr
-OH group in the wild-type protein, but a double mutation or fine
structural data would be required to confirm it. Replacement of Arg-
300 by Met causes a decrease in binding energy of 1.3 kcal mol ™/,
most likely resulting from the contribution of an electrostatic inter-
action with a DNA backbone phosphate.

The energetic values measured for each group are small, in the
order of the thermal energy at room temperature (~0.6 kcal mol ™ 1).
This suggests that the protein-DNA interface presents a highly
dynamic character at physiological temperatures. For some protein-
protein interaction systems, the energetic effect on point substitu-
tions correlates with structural parameters, such as the change in
solvent-accessible surface area (33). We found a poor correlation
between the observed AAG and the change in solvent-accessible
surface area, molecular surface, or the number of contacts deleted by
mutation (not shown).

The Energetic Contribution of Side Chains Is Strictly Additive—For
the analysis of the DNA binding interface, we interpreted the effects
of mutation on a strictly local basis, and as such, the observed ener-
getic differences are likely to be additive (8, 32). This is also an
assumption of most of the theoretical models of protein-DNA inter-
action developed to date (35, 36). To confirm our experimental
results, we engineered E2C proteins carrying two substitutions and
measured the change in binding affinity compared with the individ-
ual single mutations, thus constructing a double mutant cycle (21). If
the effects of deletion of side chains are independent, the observed
change in free energy for the double mutant i+, should be equal to
the sum of the independent mutations,

AAG,‘+]‘ = AG,‘Jrj - Ath
AAG,,, = AAG, + AAG,

where AAG, ; are the difference in free energy changes associated
with the corresponding single amino acid substitutions. The results
for five double mutants are shown in TABLE TWO. The additive
nature of side-chain contributions to DNA binding is evident in all
cases, which include the combination of polar, charged, or hydro-
phobic interactions, even for residues that are close in sequence.
These results validate the underlying assumption and allow us to
extend and analyze the overall energetic contributions of site-spe-
cific recognition by E2C.

If the effects of direct and indirect readout mechanisms are independ-

(Eq.2)

(Eq.3)
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ent, the net free energy change on binding (AG,) can be decomposed
into

AGb -~ AGdir + AGind

where AG,, and AG,, 4 are the free energies attributed to each mechanism.

(Eq.4)

Moreover, if the direct readout contributions are additive, AG,, can be
estimated by the sum of all individual contacting mutations. Therefore, we
can estimate that the overall contribution from the direct readout mecha-
nism will be —11.1 = 0.5 kcal mol ~* (TABLE ONE). The free overall bind-
ing energy, obtained from the measured association constant of wild-type
E2C, is —12.1 *+ 0.08 kcal mol™ %, Thus the binding process is 90% direct
readout, and we assign the 1.0 kcal mol ! difference to indirect readout,
where the "bendability” of the spacer sequence and adaptation to the irreg-
ular binding surface are reported to facilitate DNA binding by E2 proteins
(11, 12). Moreover, using a combined theoretical and experimental
approach using cyclic DNA molecules and gel-shift binding assays, Zhang
et al. (15) determined recently that the indirect readout contribution in this
system lies between 1.0 and 3.0 kcal mol .

DISCUSSION

The E2C-DNA complex is an excellent protein-DNA interaction
model where a priori chosen mechanistic modes of interaction, indirect
and direct readout, can be dissected. Mutations of the DNA bases “read”
by the protein often lead to non-local conformational changes in the
DNA structure that ultimately affect the binding affinity (37). To avoid
this problem, we perturbed the protein-DNA interface by changing the
protein side chains that build up this interface. By carrying out direct
and accurate experimental measurements in solution, we were able to
quantify the contribution of individual groups to binding free energy.
The contribution is small, irrespective of the nature of the interfacial
bond, i.e. coulombic, hydrogen bond, or Van der Waals.

We determined that at least 90% of the binding energy in this system
comes from the direct readout of the DNA sequence and the rest from
indirect readout. We showed that the local energetic perturbations
behave in an additive manner and confirmed it by a series of double
mutant cycles, without any single side-chain interface interaction
accounting for drastic changes in binding energy as found in protein-
protein interface hot spots (32). The absolute free energy change
assigned to each contact is small, near the reference value of the kinetic
energy available at physiological temperatures. We interpret the
observed effects as small perturbations in a complex interaction net-
work that is robust and flexible enough to tolerate point modifications
of its constitutive elements. The emerging picture for this system is of a
highly solvated and dynamic interface.

Water-mediated interactions appear to be as important as direct hydro-
gen bonds for the establishment of stability and specificity in molecular
recognition; however, this is not a straightforward rationale (38). The num-
ber of interface waters from crystallographic and solvent perturbation stud-
ies is probably underestimated (29, 38). The complex between the E2C
domain and DNA is a paradigmatic example for a wet protein-DNA inter-
face as opposed to a “dry” interface represented by the TATA box-binding
protein (38). The BPV1 E2C-DNA complex was shown to have 42 water
molecules mediating protein-DNA interactions (20, 39).

Although the exclusion of bulk solvent is a late but essential step in the
kinetic binding mechanism of E2C to specific DNA and to a lesser extent for
nonspecific DNA (26), a substantial number of water molecules remain at
this model interface, and this appears to be essential for its recognition
mechanism. It remains to be established how different categories of water
molecules playing different roles in specificity, stability, and dynamics par-
ticipate at the protein-DNA interface. It appears plausible that water mol-
ecules are constantly filling gaps in this interface, where the different bonds
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are constantly being formed and broken. Water itself could help rearrange
spaces left by absent interacting groups with a minimum energetic penalty,
something that is not easy to picture in a dry interface, whether it is a
protein-protein or protein-DNA interface.

DNA recognition by the E2C domain in papillomaviruses is at the center
of transcription control and the initiation of viral DNA replication. Related
to this particular system, we were able to establish that a flexible loop par-
ticipates in nonspecific electrostatic interactions with the DNA backbone,
something so far not observed because of the lack of crystallographic den-
sities around this region. In addition, a conserved Cys residue, unusual at
DNA binding interfaces (20), appears not to be taking place in hydrogen
bonding; rather, the hydrophobic nature of the sulfur atom appears to be
participating in a key interaction. NMR studies of the E2C-DNA complex
will be essential for integrating structural, mutagenesis, thermodynamic,
kinetic, and dynamic studies. Finally, the binding energy values measured
for side chains of different chemical properties and the interpretation of
multiple replacements at a single residue will hopefully contribute to the
understanding of the role of non-covalent interactions in protein-DNA
recognition (40) and provide absolute energetic parameters that may be
used in theoretical approaches.
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manuscript.
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