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Abstract Seven sets of protein target sites, which occur in
several gene promoters, have been analyzed. The results sug-
gest that there is a possible mode of specific recognition of
double-helical nucleic acids by proteins. Thisrecognition mode
is related to a special topological property of double-helical
DNA, which istermed base spatial pattern (BSP) of DNA seg-
ment. BSP is the gatial topological property determined only
by the spatial arrangement of the bases on double-helical DNA
segment.
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Protein-DNA interactions play important roles in
many cell processes, such as DNA replication, modification,
repair and RNA transcription. The structures of many DNA-
binding proteins and their DNA complexes have been de-
termined and, on the basis of these structures, a number of
highly conserved DNA-binding motifs have been identified.
The intensive studies on protein-DNA interactions have
mainly focused on how proteins recognize specific DNA
sequencestt. It is now clear that no code will be found that
can describe DNA recognition by all DNA-binding proteins.
But it is still possible that rules will emerge for members of
a single structural family or for a group of families which

interact in similar ways with DNAZ—41,
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Fig. 1. Schematic diagram for the relationship of four DNA segmentsS1, S2, S1° and S2° and the relationship of their corresponding BSPs.

In this report, we describe a possible mode of specific
recognition of nucleic acids by proteins. This recognition
mode is related to a specia topological property of double-
helical DNA, which is termed base spatial pattern (BSP) of
DNA segment. We will explain the general features of this
recognition mode in terms of the BSP.

1 Method and data

(1) Base spatial pattern of DNA segment

Definition. For a given segment of double-helical
DNA, its corresponding BSP refers to the gatial topologi-
cal property determined only by the gpatial arrangement of
the bases on this DNA segment. Also when discussing BSP,
the helical features of DNA and the 5' to 3' polarity on
the two anti-parallel chains of the DNA segment are ig-
nored.

Our reasoning is best explained by an example: In fig.
1(a), there are two DNA segment stretches: S1 and S2.
They differ from each other sequentially, but their corre-
sponding BSPs are the same. Rotating the DNA in fig. 1(a)
1807 around its transverse axis gives another view (shown
in fig. 1(b)). Thus, the DNA in fig. 1(a) and the DNA in fig.
1(b) are identical, they seem different just because they are
in different orientation. Based on the traditional linear base
sequence analyses, S1=S1', S2=32' , S1#S32 and S1' #
' . But from an alternative viewpoint, S1, S2, S1* and S2
' ave the samelBSP; i.e. they present different views of the
same BSP.

When searching for its binding site on a DNA se-
guence, a protein theoretically should be able to approach
and identify the site from any direction in three-dimensional
space. Rotating a DNA segment in space is equivaent to
changing the direction from which this DNA segment is
seen. After the rotation, the corresponding BSP itself keeps
unchanged, just showing another view of the same BSP.
Hence, rotations will be used in the following theorem to
decide whether two given DNA segments correspond to the
same BSP or not.

Theorem. Two DNA segments with the same num-
ber of base pairs have the same BSP, if the BSP of
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one can be transformed into the BSP of the other by the
following transformations of rotation: (a) rotating 180°
around its horizontal axis of symmetry; and / or (b) rotating
1807 around its vertical axis of symmetry.

Accordingly, the four DNA segments in fig. 1(a), (b)
have the same BSP, since one of their corresponding BSPs
can be transformed into the others by such rotations (fig.
1(c)).

BSP reflects a special kind of topological property of a
double-helical DNA segment. BSP highlights the structural
characteristics determined only by the relative spatial ar-
rangement of bases on the DNA segment. From the view-
point of BSP, some different DNA segments are linked
together, i.e. through BSP, the same structural characteris-
tics emerge from some of DNA segments with different
base-pair sequences.

(ii) Two sets of DNA target sites for proteins CG and
SpGCF1. The two sets of protein target sites occur in the
gene Endo16 promoter of the sea urchin Sronglocentrotus
purpuratus. This promoter consists of more than 30 regula
tory elements dispersed through about 2.3 kb of the up-
stream sequence. Within this cis-regulation domain, Yuh et
al.® have mapped target sites for 15 different proteins that
bind with high specificity, that is, =10*times their affinity
for synthetic double-stranded copolymer of deoxyinosine
and deoxycytidine [poly(dl-dC) * poly(di- dC)]. Yuh et a.
also have given the DNA sequence in module A and in
basal promoter (Bp) region, and the locations of target sites
for some DNA binding proteind®. Among those DNA
binding proteins, CG and SpGCF1 correspond to more than
one DNA target site (fig. 2), while the others correspond to
only one DNA target site. We will take the two sets of target
sites for CG and SpGCF1 as examples to analyze later. In
fig. 2, boxed sequences indicate conserved core elements of
the target sites, not the complete target site sequenced®.

(iii) Five sets of DNA target sites for five types of
proteins gotten from EMBL Nucleotide Sequence Database.

Chinese ScienceRillletin - Vol 46 No 11 .Tuiine 2001



NU I ED

(-216) (-160) (-120) (-107)
cet | 62 4pGGF1—1
..._C ATATTG------ TTAAGTG] ATIT/AAAC| TNACCAA: - - TTATCACA__:""I.(.X%E}-.:G GGTTAAACT
6 TATAAC:++--AATTCAC| TAA\TTTG|A/TGGTT -+ AATAGTGT", AGGGG- C: CCAATTTGA
(-115) (~100) (-80) (-60) (-46)
ca3 | G4 SpGOF1-2 _SpGCF1-3
6 ﬁ’ TTTCGTCchTGATTGTG T A @ ACAA AGGGGT 6T AcTTT: Ac(‘g""céaf‘ Hane
c C| AAAGCAGAGGACTAACACGA| T\AQ T4TTE:, TOOCE A CA TGAAé Teeqeeu

Fig. 2. Partial DNA sequence of module A and the Bp region of the gene Endo16 promoter of the sea urchin Sronglocentrotus purpuratus. Boxed
sequences indicate conserved core elements of the target sites with high specificity for transcription factors CG and SpGCF1.

2265 P1 2274

TTGG

AAcqAGGGGG TGTCATAGTA AAGTGAGAGC T6GTTCGTTA GTTCGTdcAC CACAGTAGGT ¢

TcccCC ACAGTATCAT TTCACTCTCG ACCAAGCAAT CAAGCAGGTG GTGTCATceA eL:crcmc

2308 P1 2321

GACAAAG

Fig. 3. Two target sitesfor protein P1 (in boxes). The two sites contain the same BSP (marked by bold characters).

(1) Two sets of DNA target sites for proteins P1 and
P18. The two sets of protein-binding sites (figs. 3 and 4)
occur in the sequence of the TZ2 Cyllla actin gene regulato-
ry domain of the sea urchin Sronglocentrotus purpuratug’ .,
The database accession number of the sequenceis M64573.

10 P81 23 406 P8l 416
ctecAceTYT cTCAGAACCG CachtcaTAT TAAGATTGAT CCCGCTCpece
GAGTCTTGGG GoafAccaTA ATTCTRACTA GGGGAGKGEG

GACGTCGAA

189 P81 201 456 P81 466

66AATGAJcc TGATCCCCaa accatacaca TAsaQcTGAe CCCCTChATG
cetTAacTdae AGTAGGGGCT daGTATGTGT ATTTGGACTC GGGGAGfTAC

Fig. 4. Four target sites for protein P8I (in boxes). The four sites contain
two same sequences (marked by bold characters); this is a specia case of
contai ning the same BSP.

(2) Two sets of DNA target sites for proteins LF-Al
and BHLH. These two sets of protein-binding sites (figs.
5 and 6) occur in the sequence of the promoter region and
exon [ of Bovine conglutinin gene!®l. The database acces-
sion number of the sequenceis D25294.

(3) A set of DNA target sites for protein ArgRLF-A1
repressor. This set of protein-binding sites (fig. 7) occurs
in the sequence of Streptomyces clavuligerusargin
ine biosynthesis cluster (argCIBDRGH genes)**A, The
database accession numbers of the sequence are 749111,
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M83659, Y11134.

LF-Al LF-Al

39 44
cAAAAGAQTG ACCQCTGTTG
GTTTTCTGAC T66GGACAAC

287 292
cT1eTerGGA CqrTeeATTC
GAAGAGACCT GdaACCTAAG

Fig. 5. Two target sites for protein LF-A1 (in boxes). The two sites con-
tain the same BSP (marked by bold characters).

206 BHLH 211 433 BHLH 438 488 BHLH 453
cACACAGGT g

fTGTTTCTT 6CLAAATGTC CAcAATACAG GTchacaceA
6TeTdGTCCA deacasacaa  caBTTTAGAG GTcTTAdGTC CAdocccact

Fig. 6. Three target sites for protein BHLH (in boxes). The three sites
contain the same BSP (marked by bold characters).

2 Reaultsand discussion

The nucleotide sequence recognized by atranscription
factor is often not a fixed sequence and allows the occur-
rence of multiple patterns with different levels of degener-
acy®3. In fact, most specific, natural DNA-bind- ing pro-
teins recognize a set of related sequences*. What is the
common characteristic of those related sequences? Among
the different nucleotide sequences bound by the same type
of transcription factor, is there, aside from the order of nu-
cleotide sequence, some other common char-
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5294 ArgR repressor 5311
Accaceeeac TCQATGGCGT AAGCGTCCGA TRACTTCGGT CGGACGCACC GATCGCGCAC
Tececacaaea AGGTACCBCA TTCGCAGGCT ABTGAAGCCA GCCTGCGTGG CTAGCGCGTG
5346 ArgR repressor5363 5366 ArgR repressor 5383

COATGATTGA CGAAACATGC 6aGeahGTGC ATACTTATTC GATPACCGCA TGCATCGTAA
66TAGTAACT GCTTTGTACG ccqacfCAGG TATGAATAAG GTABTGGCGT ACGTAGCATT

Fig. 7. Five target sites for protein ArgR repressor (in boxes). The five
sites contain the same BSP (marked by bold characters).

acteristic recognized by the transcription factor? If so, the
common characteristic may vary from type to type of pro-
teins because of the diversity of the structure and character-
istic of proteins. Examining, from BSP viewpoint, the seven
sets of DNA target sites for the seven types of transcription
factors, we found that there is actually a common charac-
teristic related to BSP among the seven sets of DNA target
Sites, stated differently, for each of the seven sets of DNA
target sites, the nucleotide sequence for the same type of
transcription factor may be different, but the target sites
contain the same type of BSP. We will take the two sets of
target sites for transcription factors CG and SpGCF1 as
examplesto explain the phenomenon.

In fig. 2, the sites labeled CG1, CG2, CG3 and CG4
bind the same type of protein CG. The conserved core ele-
ments of the four target sitesfor CG (boxed by the solid line)
contain four 5-basepair DNA segments (circled by the solid
line). Based on traditional linear nucleotide sequence analy-
ses, the DNA segments circled by the solid line in CG1,
CG3 and CG4 are the same (5' -TCAAA-3' ), but are dif-
ferent from the DNA segment circled by the solid line in
CG2(5' -AAACT-3" ). However, from the viewpoint of
BSP, these four DNA segments circled by the solid line
correspond to the same BSP.

Examining the conserved core elements of the three
target sites for transcription factor SpGCFL1 in fig. 2 (boxed
by the dashed line) gives similar conclusion. These three
target sites also contain three 5-basepair DNA segments
(circled by the dashed ling). Based on traditiona linear
nucleotide sequence analyses, the DNA segments circled by
the dashed line in SpGCF1-2 and SpGCF1-3 are the same
(5' -AGGGG-3' ), but they are different from the DNA
segment circled by the dashed line in SpGCF1-1 (5°' -
GGGGA-3' ). However, from the viewpoint of BSP, these
three DNA segments circled by the dashed line correspond
to the same BSP.

The five sets of DNA sequences in figs. 3—7 are the
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five sets of DNA target sites for the five types of proteins
(P1, P8I, LF-A1, BHLH and ArgR repressor), respectively.
For each of the five sets of DNA target sites, the nucleotide
sequences for the same type of transcription factor may be
different, but the target sites correspond to the same type of
BSP. The five types of BSPs, which correspond to the five
types of proteins, are respectively represented in bold char-
actersinfigs. 3—7.

The seven sets of protein-binding sites contain the
same type of BSP, respectively. Is this only a coincidence?
This maybe implies that the BSP in the seven sets of target
sites is a possible mark or one of the combined marks rec-
ognized by their corresponding proteins.

How general is the feature possessed by those seven
sets of target sites? We have looked up throughout EMSL
nucleotide sequence database!™ to search for the data con-
taining more than one target sites for one type of DNA-
binding proteins. But there are only a few of such data in
the database. Up to June 2, 2000, there were only ten sets of
such datain the following database accession humbers:

(1) M65001. Two DNA target sitesfor proteins SP-1
are available. The two sites contain the same sequence 5° -
CCGCcCC-3' .

(2—(5) AF179904, M19353, M 24842, X12799.

Six DNA target sites for proteins SP-1 are available, the six
sites contain the same sequence 5' -CCGCCC-3' (or its
complementary sequence5' -GGGCGG-3' ).

(6) M6457. Two DNA target sitesfor proteins P6 are
available, the two sites contain the same sequence 5' -
AGGTAGG-3 ' (or its complementary sequence 5° -
CCTACCT-3"). Three DNA target sites for proteins P8l|
are available, the three sites contain the same sequence 5° -
CCCTCCCCC-3' . Two DNA target sites for proteins P1
(fig. 3) and DNA target sites for proteins P8I (fig. 4) are
available.

(7) D25294. Two DNA target sites for proteins AP-1
are also available, the two sites contain the same sequence 5
' - TGAGTCA-3' . Two DNA target sites for proteins LF-
Al (fig. 5) and three DNA target sites for proteins BHLH
(fig. 6) are also available.

(8)—(10) Zz49111, M83659, Y11134. Five DNA
target sitesfor protein ArgR repressor (fig. 7) areavailable .

According to the definition of BSP, the above ten sets
of protein-binding sites contain the same BSP respectively.
There are five sets of DNA target sites, among the above
ten sets, containing respectively the same sequence that
could be found easily. Containing the same sequence is a
special case of containing the same BSP, so we do not give
the corresponding figures of the DNA sequence of the five
sets of DNA target sites.

Could BSP act as an independent factor to mediate a
possible DNA-protein recognition mode? Or is BSP a sub-
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factor in some specia DNA-protein recognition modes?
These questions are waiting for the test and explanation of
experimental biologists. Maybe BSP could be used in iden-
tifying putative target sites for some DNA binding proteins.
We are trying to formalize the feature of BSP to develop
related computer program.

There is no ground to exclude any recognition phe-
nomena that have appeared in nature. There are probably
other recognition modes that could describe only a limited
subset of protein-DNA recognition. The seven sets of bind-
ing target sites suggest that there might exist a protein-DNA
recognition mode mediated by BSP and this particular rec-
ognition mode is probably limited only to a small subset of
DNA-binding proteins.

There are various cisregulating elements on DNA
regulating regions, such as enhancers, silencers, CAAT
boxes and GC boxes. Those cis-regulating elements func-
tion in a manner relatively independent of their position and
orientation with respect to a nearby gene'd. Is it possible
that those cisregulating elements have any connections
with BSP?

Faisst and Meyer'* have collected 156 vertebrate-
encoded transcription factors and DNA sequences recog-
nized by those transcription factors. Among those 156 DNA
seguences, there are 36 sequences that contain a symmetric
DNA sequence consisted of at least four base pairs (i.e. 4, 6,
8,-++), accounting for 23.1%; and there are 30 that contain a
symmetric DNA sequence consisted of at least five base
pairs (i.e. 5, 7, 9,--*), accounting for 19.2%. A symmetric
DNA seguence is also a special case of BSP. For those
symmetric DNA sequences, does the symmetry DNA se-
guence itself or the BSP on the symmetric DNA sequence
function?

We aso discovered that BSP mediated a relation ke
tween 4 and 20, called the 4-BSP-20 relation, and devel-
oped an agorithm that is based on the description of the
mathematical model of equivalent classes and can be used
to analyze the BSP of DNA segments. The algorithm has
the potential of theoretically predicting target sites for the
DNA binding proteins related to BSP (Details are given in
another paper).

In this note we have proposed a possible protein-DNA
recognition mode mediated by the particular structural char-
acteristics of double-helical DNA (BSP). It is hoped that the
proposals set forth here will provide a new clue to the work
of theoretically predicting target sites for some DNA bind-
ing proteins, and will serve to stimulate experiments which
may eventually reveal the mechanisms for protein-nucleic
acid recognition.
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