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Abstract—Crystal structures of TATA box-binding proteins (TBP) of various sources bound to their promoter DNA (TATA box)
were analyzed with use of our program CHPI. A number of short CH/Csp? contacts have been unveiled in these complexes at the
boundary of TBP and the TATA box minor groove. The result was discussed in the context of the CH/r interaction. Thus, the
nature of nonpolar forces, reported in the past at the interface of the two components, has been attributed to the CH/r interaction.
Furthermore, many CH/m contacts have been disclosed within the same strand of the promoter DNA. The structure of the TATA
element, partially unwound and severely bent on complexation, seems to be stabilized by CH/=n interactions; H2' of the deoxyribose
moiety and the methyl group in the thymine nucleotide play the primary role. © 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The CH/= interaction is a kind of weak hydrogen bond
occurring between soft acids and soft bases.! Previously,
the present authors suggested the potential role of this
attractive molecular force in stabilizing the structure of
proteins.?? Evidence for the CH/r interaction in protein
chemistry* and biochemistry® has since been accumu-
lated. In particular, we presented evidence, by analyzing
crystal structures in the Brookhaven Protein Data Bank
(PDB), that the CH/n interaction plays an important
role in stabilizing the 3-D structure of proteins and their
complexes.® High-level ab initio MO calculations sup-
porting the CH/r theory have recently appeared.”-

The TATA-box binding protein (TBP) serves as a linchpin
for the assembly of pre-initiation complexes that regulate
the transcription; binding of TBP is the first step where
the particular base sequence of the DNA is read and
recognized. On binding, TBP deforms the promoter
element that contacts the protein throughout its length.
As a consequence, the TATA box deviates from the
canonical B-form DNA structure. It is interesting to
know the interactions involved in the TBP/TATA-box
complex to elucidate the mechanism of stabilizing such

*Corresponding author. Tel.: +81-42-726-5956; fax: + 81-42-726-5956;
e-mail: dionisio@ tim.hi- ho.ne.jp

"Information as to the CH/r interaction is available on the following
website: http://www.tim.hi-ho.ne.jp/dionisio.

an unusual DNA structure. Here we present evidence
that CH/r interactions play an essential role in stabiliz-
ing the crystal structure of TATA box in complex with
the binding protein.

Method

A program (CHPI) was written to examine distances
between CHs and & groups in proteins and nucleic acids
deposited in PDB. The m-system may be an aromatic
ring of phenylalanine, tyrosine, tryptophan or histidine
residue or nucleic acid bases. The hydrogen may be a
part of an alkyl group or a CH in an aromatic ring. An
example is given for a Cg m-system in Figure 1.

To participate in CH/n interaction, a hydrogen atom
should be positioned above the m plane (region 1 in
Figure 1). In order to cover other possibilities, several
kinds of H/C distance and angle parameters were
defined. The CH/r interatomic distances shorter than a
cut-off value [Dp,x 3.05A (=2.9A (1.2A for C-H plus
1.7A for a half thickness of the aromatic molecule)®
x 1.05)] with reasonable angle factors were considered
as relevant for the presence of CH/n interaction. The
numbers in the brackets in Table 1 correspond to these
values. Coordinates of the hydrogen atoms from neu-
tron diffraction studies are available for bovine pan-
creatic trypsin inhibitor (BPTI)!® and ribonuclease A
(RNase A).!! Crystal data in PDB, however, do not
ordinarily contain coordinates of hydrogen atoms. In
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Figure 1. Method for exploring CH/n contacts with a six-membered
carbon aromatic ring. O: centre of the n-plane. C! and C?: nearest and
second nearest sp>-carbons, respectively, to the hydrogen H. w: dihe-
dral angle defined by C'OC? and HC'C? planes. : H-C-C! angle.
Dy,: perpendicular distance between H and the n-plane (H/I). Dyt
HC! interatomic distance. Dy, distance between H and the line C'-C?
(H/J). Regions to be searched. Region 1: zone where H is above the
ring. Regions 2 and 3: zones where H is out of region 1 but may
interact with m-orbitals. Unless otherwise noted, the program was run
to search for short H/m contacts with the following conditions:
Dmax:3~05A; Dpln<Dmux (I‘CgiOIl 1)» Dlin<Dmux (region 2)7 Datm<
Dinax (region 3)7 Omax = 127.5°, —Wmax < O < Omax; 0<62.2°.

these cases, hydrogens were generated on non-hydrogen
atoms and their positions were optimized.!> The CH/n
distances were compared, in our earlier work, with those
obtained by the neutron studies. Agreements of the two
sets of data were satisfactory in the cases of BPTI!? and
RNase A,'# at least for the purpose of surveying CH/n

interactions in the structure of biopolymers. Our recent
study on the peptide crystal structure!® supports this. In
analyzing the TBP complexes we chose more accurate
data when available; however, the proton positions cal-
culated on the basis of low-resolution data are not
accurate enough in discussing the interatomic distances
precisely. In view of the limitation to the present meth-
odology we do not discuss the interatomic distances in
detail.

Results

TBP has a phylogenetically conserved 180-residue car-
boxy terminal portion (TBPc) which binds to the con-
sensus sequence TATAWAWN (W: A or T; N: any base)
with high affinity, recognizing the minor groove deter-
minants and inducing a severe DNA deformation. Crys-
tal structures of TBPs in complex with their respective
TATA element have been determined (human,'© yeast,!”
plant'® and bacteria'®). Here, we analyzed human TBP
(hTBP), yeast TPB (yTBP) and a plant TBP (aTBP),
bound to the sequence 5-CTGCTATAAAAGGCTG-
3/, 5-TGTATGTATATAAAAC-3 and 5-GCTATAA
AAGGGCA-3, respectively. These sequences contain a
common TATA element TATAAAA.

CH/7t interaction in proteins. Table 1 lists parts of our
CHPI analyses of hTBP (PDB code 1CDW, resolution

Table 1. CH/n interactions in proteins of TBP/TATA-box complexes. (a) Human TBP; (b) yeast TBP; (c) plant TBP. Only phenylalanine residues
interacting with TATA-box are listed. Interactions conserved among these species are printed in bold

IDRD RES VATM IDRD RES VATM DATM DPLN DLIN  Omega Theta RG
(a) hTBPc (1CDW, molecule A)

A193 PHE CD1 A194 ALA HN 2.93 2.80 [2.90] 105.52 42.43 2
A193 PHE CD2 A195 ALA HN [2.87] 2.71 — 109.29 31.95 3
A210 PHE CE2 A195 ALA HB2 2.63 [2.60] 2.62 82.30 11.50 1
A284 PHE CD1 A285 PRO HD1 2.69 2.63 [2.69] 101.20 20.82 2
A284 PHE CD2 A286 GLY HN 2.47] 2.37 — 105.99 29.58 3
A301 PHE CE2 A286 GLY HA1 13.00] 2.95 — 100.21 46.07 3
A301 PHE CZ A299 LEU HBI1 2.94 2.32 [2.87] 126.19 27.45 2
(b) yTBPc (1YTF, molecule A)

All6 PHE CE2 A101 ALA HB2 12.67] 2.56 — 106.03 28.62 3
A190 PHE CD1 A191 PRO HD1 [2.54] 2.47 — 103.05 18.99 3
A190 PHE CD2 A192 GLY HN [2.54] 2.43 — 106.87 29.33 3
A190 PHE CE2 A207 PHE HEI1 3.08 2.68 [3.04] 118.08 41.29 2
A207 PHE CE1l A192 GLY HA1 [2.68] 2.48 — 112.23 38.92 3
A207 PHE CDl1 A192 GLY HA2 [3.02] 2.65 — 118.65 56.38 3
A207 PHE Ccz A205 LEU HBI 3.07 2.53 [3.04] 123.55 35.34 2
(¢) aTBPc (1QNE, molecule A)

A74 PHE CE2 A59 ALA HB2 12.49] 2.40 — 105.53 28.43 3
A148 PHE CD1 A149 PRO HD1 12.72] 2.67 — 101.79 22.35 3
A148 PHE CD2 A150 GLY HN 12.49] 2.45 — 101.06 29.58 3
Al48 PHE CczZ Al165 PHE HE2 2.98 2.64 [2.95] 116.49 39.71 2
Al165 PHE CE2 A150 GLY HA1 12.85] 2.79 — 101.29 43.54 3
Labeling of the Phe residues corresponding to each other in hTBPc, yTBPc and a TBPc

hTBPc yTBPc aTBPc
193F 99F 5S7TF
210F 116F 74F
284F 190F 148F
301F 207F 165F

IDRD: residue ID; RES: residue name; VATM: atom involved; DATM: Dyy,; DPLN: Dy, DLIN: Dy,; omega: o; theta: 6; RG: region.
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1.9 A), yTBP (1YTF, 2.5 A) and aTBP (IQNE, 1.9 A)
bound to the target DNA, showing intramolecular
interactions in the proteins. Only phenylalanine residues
interacting with TATA-box are listed. It is well known
that the TBP/TATA-box minor groove interface is
dominated by nonpolar interactions. In particular, two
pairs of the phenylalanine residues (in hTBP, Phe284
and Phe301 on one hand, Phel93 and Phe210 on the
other) are reported to kink the helix by wedging into the
outermost two base pairs of the TATA element.

CH/mt interactions at the TBP/DNA boundary. Table 2
gives parts of the CHPI analysis of hTBP, yTBP and

Table 2.

2645

aTBP in complex with the target DNA, showing inter-
actions at the protein/DNA boundary. Figure 2 is a
global view of the human TBPc in complex with ade-
novirus major late promoter (AdMLP).

In Figure 2, we see every side-chain group of the above
phenylalanines to be CH/n-bonded to the TATA cle-
ment. In Tables 1 and 2, interactions involving phenyl-
alanines conserved among these three species are
intensified. Figure 3 is a diagrammatic illustration of the
CH/n networks in the human TBPc in complex with the
promoter DNA (Table 1(a) and Table 2(a)). Figure 4
gives stereo views of the interactions.

Intermolecular CH/r interactions in h'TBP, yTBP and aTBP complexes. CH/m interactions conserved among the 3 species are printed in bold

IDRD RES VATM

IDRD

RES VATM DATM (A)

(a) h'TBP complexed with CTGCTATAAAAGGCTG/CAGCCTTTTATAGCAG (1CDW, complex ABC). Sequence of the base-pair

oligonucleotide bound to TBP is shown

0 1 2 3 4 5 6 7 8 9
SCTG- C - T -A-T-A-A-A-A-G -G -CT-G¥
¥3GAC- G - A -T -A-T-T-T-T-C - C -GACS

o vy ¥y 4y ¢ 7T 8§ 9

2 A (o) 284 PHE HZ 2.99
7 A N3 210 PHE HZ 2.85
1 A o) 284 PHE HEI 2.83
193 PHE CG 7 T H4' 3,128
210 PHE CD1 7 A H2'1 2.69
210 PHE CE1 7 A HT' 2.66
210 PHE CG 8 G HY'1 3.06
301 PHE CE2 b T H2'l 2.89
301 PHE CE1 2 T HT' 251
301 PHE cD2 1 A H5'1 2.76

(b) yTBP complexed with TGTATGTATATAAAAC/GTTTTATATACATACA (1YTF, complex AEF). Sequence of the base-pair oligonucleotide

bound to TBP is shown

1 2 3 4 5 6 7 8
5A- T - A - T - A - A -A-A-C -3
3T- A - T -A-T-T-T-T - G -¥
1/ 2/ 3/ 4/ 5/ 6/ 7/ 8/

2 A C2 A190 PHE HZ 3.02
3 A N3 A213 VAL HGI11 2.80
1 A C2 A190 PHE HE1 2.73
A99 PHE CE2 7 T HU 3.16
All6 PHE CE2 7 A H2'1 3.08
Al16 PHE CZ 7 A H1' 2.65
A207 PHE CE2 2 T H1' 2.53
A207 PHE CG 1 A H5'1 2.87
(c) aTBP complexed with GCTATAAAAGGGCA/TGCCCTTTTATAGC (1QNE, complex ACD). Sequence of the base-pair oligonucleotide
bound to TBP is shown | 5 3 4 5 6 7 8

5C- T - A - T - A A - A - A -G -GY

33G- A - T - A - T T -T-T - C -C¥%

Iy 2 3 4 5 6 7 g

2 A C2 A148 PHE HZ 3.06
3 T C2 A163 LEU HDI11 3.02
6 A N3 A29 VAL HGI11 2.86
7 A C2 AS57 PHE HZ 2.96
1 A N1 A148 PHE HE1 2.79
A74 PHE CEl1 7 A H1' 2.52
A74 PHE CD1 7 A H2"2 2.64
A74 PHE CG 8 G HY1 2.72
A165 PHE CE1 2/ T H1' 2.56
A165 PHE CEl 2 T H2'2 3.09
A165 PHE CD2 1 A H5'1 2.73

IDRD: residue ID; RES: residue name; VATM: atom involved; DATM: D,,. “Phe193 (H/C distance 3‘121&) is included in Figures 2—4.
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At the opening base step T1/A1'-A2/T2’, Phe284 and
Phe301 are involved in the interaction with nucleic acid
bases. Pro285, Gly286 (NH/n, CH/n) and Leu299 are
also involved in the network. Phe193 and Phe210 are
involved in the other network at the base step A7/T7'-
G8/C8’, whereby Alal94 (NH/r) and Alal95 (NH/x,
CH/n) are also contributing to stabilize the network. In
Phe284, H and He of the side-chain group interact with
the aromatic ring of A2 and Al’ bases, respectively,
while the aromatic part of Phe301 (C9, Ce) interacts
with hydrogens in the deoxyribose moiety of A1’ and T2'.
Also, the aromatic ring of Phel193 (Cy) is close to T7'.
The Phe210 side-chain plays both parts: H-donor (H(/
A7N3) as well as n-donor (C6/A7TH2’, Ce/ATHI' and
Cy/G8HY').

In other complexes also, the 4 phenylalanine side-chains
are CH/mn-bonded to DNA (Tables 2(b) and 2(c)).
Notice that most CH/n interactions involving the four
Phe residues are conserved among these three species.

CH/mt interactions in the TATA elements. Table 3 lists
CH/rn contacts unveiled in the TATA element.

A number of CH/r contacts have been found within the
same strand (Table 3). The interactions are shown
between nucleotides adjacent to each other: CO/T1 (2
contacts), A2/T3, A4/T3, A5/A4, A6/AS, AT/A6, G9/
G8 (Table 3(a), Fig. 5(a)), C8'/T7, T7'/T6, T6'/T5 (2
contacts), T4'/T5, A3'/T4 (2 contacts) and GO'/Al’
(Table 3(a), Fig. 5(b)). They are formed largely between

Figure 2. Global view of hTBPc/TATA-box (AdMLP) complex illus-
trating the CH/r interactions: hTBPc in green, TATA element in white
and blue ribbons. Red sticks indicate intermolecular contacts invol-
ving the 4 phenylalanine residues (yellow).

the aromatic ring of the bases and the hydrogens (H2')
of the sugar moiety. Further, it is remarkable that the
intra-strand CH/x interactions involve the methyl group
of thymine: CO(C®)/TICH;, A2(N°)/T3CH;, C8/(C®)/
T7'CH;, T7'(C3)/T6' CH; and T6'(C®)/T5' CHs.

Predominance of the CH/r interactions involving deoxy-
ribose H2' and thymine methyl group has been shown

Table 3. Intra-strand interaction in the TATA-box. Only interactions
involving the central base-pair oligonucleotide are shown. Asterisks
indicate the positions where the phenylalanine residues are inserted.
Interactions involving thymine methyl group are shown in bold

IDRD RES VATM IDRD RES VATM DATM (A)

(a) Human (1CDW). Adenovirus major late promoter AAMLP: 5'-
CT*ATAAAA*GG-3 (strand B: 0-9)/3'-GA*TATTTT*CC-5 (strand
C: 0-9)

0 C (61} 1 T H5M2 2.79
1 T C6 0 C H2'2 2.55
2 A N9 3 T H5M3 3.04
4 A C8 3 T H2'2 2.80
5 A C8 4 A H2'2 3.01
6 A C8 5 A H2'2 2.71
7 A C8 6 A H2'2 2.74
9 G C8 8 G HI' 2.92
8 C Cé 7 T H5M1 2.59
7 T (6 6 T H5M1 2.93
6 T Cé 5 T H5M2 3.02
5 T C6 6 T H2'2 2.93
4 T Co6 5 T H2'2 2.93
3 A N9 4 T H2'1 2.92
3 A N7 4 T H2'2 2.79
o G C8 U A HY 3.00

(b) Yeast (1YTF). 5-AT*ATAAAA*C-3' (strand E: 0-8)/3-TA*TA
TTTT*G-5 (strand F: 0'-8")

0 A N7 1 T H5M3 3.00
2 A C5 3 T H5M3 3.13
4 A N7 3 T H2'2 2.77
5 A N9 4 A H2'2 2.98
6 A C8 5 A H2'2 2.62
7 A C8 6 A H2'2 2.76
7 A N7 8 C H5 2.82
8 G N7 7 T H5M1 2.85
8 G C8 7 T H5M2 275
7 T (6 6 T H5M2 2.93
6 T Cé 5 T H5M2 2.86
5 T C6 6 T H2'1 2.84
3 A N9 4 T H2'1 2.93
3 A C8 4 T H2"2 2.84
1 A C8 (14 T H5M2 2.98

(¢) Plant (1QNE). 5-CT*ATAAAA*GG-3' (strand C: 0-9)/3'-GC*
TATTTT*CC-5 (strand D: 0'-9)

1 A Cs 0 C  H22 2.68
2 A C8 3 T  H5MI 2.89
4 A C8 3 T  H2I 2.96
5 A N9 4 A H2I 2.92
6 A C8 5 A H2I 2.64
7 A C8 6 A H2I 2.58
9 G s 8 G  HI 2.88
8 C C6 7 T  H5M2 2.49
7 T Cs ¢ T  H5M2 2.79
6 T C6 5 T  H5MI 2.81
4 T C6 5 T  H2I 2.85
3 A N7 g T  H2I 2.67
3 A N9 g T  H22 2.86

/ G cs I A HI 3.04

IDRD: residue ID; RES: residue name; VATM: atom involved;
DATM: D,p.
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Figure 3. Schematic illustrations of the CH/n networks disclosed in
the hTBPc/TATA-box complex. (a) At base step TI/A1'-A2/T2" and
(b) A7/T7-G8/C8. Dotted lines and hashed lines indicate inter-
molecular and intramolecular CH/n contacts, respectively. Numbers
refer to the distances (A) between atoms.

(@)

for the other TATA elements: yeast DNA (Table 3(b)) as
well as Arabidopsis thaliana DNA (Table 3(c)). Involve-
ment of H2' and thymine methyl group is not limited to
the binding region of the promoter. For instance, we see
a network of such interactions in an archaeal promoter
sequence (1D3U, 2.4 A, Table 4). Figure 6 is a part of
the network including thymine nucleotides.

Discussion

To summarize, a number of short CH/rn distances have
been shown in TBP/TATA-box complexes. It seems
reasonable to suggest that an appreciable portion of the
nonpolar interactions reported at the boundary of TBP
and the minor groove of TATA-box is attributed to a
more specific molecular force, the CH/rn interaction.
Furthermore, many intra-strand CH/n contacts have
been disclosed within the TATA-box. Nishinaka et al.
reported on the importance of this type of interaction
(H2' versus adjacent nucleotide base) in stabilizing the
structure of DNA, which is unwound on binding to
RecA protein.?® Chou et al. suggested a role of the CH/
7 interaction (H2" and/or H4' versus nucleotide base) in
stabilizing the unusual hairpin DNA structure of human
centromeres and telomeres.?! In the present study,
hydrogens of deoxyribose (mostly H2') play an important

Figure 4. Stereo diagrams of the first and the last base-pair steps in the TATA-box showing CH/=n interactions (1CDW). (a) Minor groove view into
the cleft of step C0/G0'—T3/A3’. (b) Minor groove view of the base step A6/T6'-G9/C9’. Thick lines: protein; thin lines: DNA. Dotted lines indicate
CH/n contacts. Intermolecular as well as intramolecular interactions are shown.
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(b)

Figure 5. Intra-strand CH/xn interactions in a TATA element (ICDW).
(a) 5-TATAAAAG-3' (strand B: 1-8); (b) 3~ ATATTTTC-5 (strand
C: 1'-8'). Dotted lines indicate CH/n contacts (stereo view).

role in stabilizing the structure of TATA elements.??
The most interesting, among others, is that the methyl
group in thymine is involved. This type of interaction
seems to play a role in the stabilization of unwound DNA,
which is destabilized by loosening the canonical B-DNA
structure. Interactions involving the thymine methy! group
may well be a chemical basis why every promoter DNA
has a T-rich sequence. It is fascinating to speculate that
for this reason nature chose thymine but not uracil as
the partner of adenine in the duplex DNA.

Knowledge of weak intermolecular forces is crucial in
structural biology. We previously demonstrated that the
CH/n interaction is important in stabilizing the 3-D
structure of proteins and their complexes with specific
substrates. The present finding that CH/r interactions
are ubiquitously found in the crystal structure of TBP/
promoter complexes supports our thesis that the CH/n
interaction is indispensable in deeper understanding of
molecular biology. According to theory? and experi-

Table 4. Intra-strand CH/r interactions in the TATA element of
Pyrococcus woesei (1D3U, complex ACD). 5-AGAGTAAAGT*T-
TAAAT*ACTTATAT-3" (strand C: 1401-1424)/3-TCTCATTT-
CA*AATTTA*TGAATAT-5 (strand D: 1448-1426). Asterisks
indicate the positions where the phenylalanine residues are inserted.
Residues depicted in Figure 6 are underlined

IDRD RES VATM IDRD RES VATM DATM (A)
C1403 A C8 C1402 G HY 2.96
C1404 G Cs8 C1405 T H5M1 2.86
C1404 G N7 C1405 T H5M3 2.79
C1409 G N7 C1410 T H5M?2 2.57
C1410 T C5 Cl411 T H5M1 2.98
Cl1411 T cs Cl1412 T H5M1 2.95
Cl412 T C6 Cl411 T H2"2 2.72
Cl414 A C8 Cl1413 A H22 295
Cl1415 A C8 Cl414 A H2'1 2.76
C1415 A N7 Cl1414 A H2'2 2.57
C1416 T C5 C1415 A H2'2 2.70
C1417 A C8 Cl1416 T H2'2 2.73
C1418 C Cs C1419 T H5M2 2.92
C1418 C C6 C1419 T H5M3 2.60
C1419 T Cc6 C1420 T H5M1 2.73
C1421 A N7 C1422 T H5M1 2.80
C1421 A Cs8 C1422 T H5M2 2.86
C1423 A C8 C1422 T HI 2.91
C1423 A Cs8 Cl1424 T H5M1 2.96
D1427 A Cs8 D1426 T H2'1 2.35
D1427 A N7 D1426 T H2'2 2.49
D1427 A C8 D1428 T H5M1 2.91
D1427 A Cs8 D1428 T H5M3 2.84
D1431 G C8 D1432 T H5M3 2.55
D1432 T Cc4 D1433 A H62 2.83
D1433 A Cs8 D1434 T H5M3 2.99
D1435 T Cc6 D1434 T H2'1 2.74
D1437 A N9 D1436 T H2'1 2.92
D1437 A N7 D1436 A H2'2 2.93
D1438 A C8 D1437 A H2'2 2.63
D1439 A Cs8 D1438 A H2'2 3.05
D1440 C C6 D1439 A HI 2.96
D1440 C C6 D1441 T H5M?2 2.75
D1441 T C6 DI442 T H5M2 272
D1442 T C6 D1443 T H5M?2 3.06
D1444 A C8 D1443 T H2'1 2.95
D1445 C C6 D1446 T H5M3 2.61
D1447 C N1 D1448 T H5M1 3.01
D1447 C C5 D1448 T H5M3 3.05

IDRD: residue ID; RES: residue name; VATM: atom involved;
DATM: D,p.

mental data, we believe that the CH/n interaction is
originated by charge transfer process from the n-system
to the antibonding orbital of the C—H bond.?* Also
important is the contribution from the dispersion
mechanism.®?> The Coulomb force, though not very
significant, also contributes.®?® We conclude that a
substantial part of the interactions, broadly attributed
in the past to nonspecific molecular interactions such as
the van der Waals force or the so-called ‘hydrophobic
effect’,?” should now be re-examined in the context of a
new paradigm.?®
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Figure 6. Intra-strand CH/m interactions in a promoter sequence (1D3U, strand C: 1409-1412; strand D: 1440-1443 in PDB file). Dotted lines

indicate CH/m contacts (stereo view).
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