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ABSTRACT

DNA-recognition rules for Zn fingers are discussed in
terms of crystal structures. The rules can explain the
DNA-binding characteristics of a number of Zn finger
proteins for which there are no crystal structures. The
rules have two parts: chemical rules, which list the
possible pairings between the 4 DNA bases and the 20
amino acid residues, and stereochemical rules, which
describe the specific base positions contacted by
several amino acid positions in the Zn finger. It is
discussed that to maintain the correct binding
geometry, in which the N-terminus of the recognition
helix is closer to the DNA than the C-terminus, the
residues facing the DNA on the helix must be larger
near the C-terminus, and that two different types of
fingers (A and B) bind to DNA in distinctly different
ways and cover different numbers of base pairs.

1. INTRODUCTION
The Zn finger motif was first proposed for TFHIA (Miller et
al., 1985), and now many transcription factors are known to use
the same motif for DNA-recognition. Crystal structures of DNA-
finger complexes Zif268 [Zif] (Pavletich and Pabo, 1991),
GLI (Pavletich and Pabo, 1993), and tramtrack [TTK] (Fairall
et al., 1993) (Figures 1, 2a)- and several NMR structures of
Zn fingers (Klevit et al., 1989, Paraga et al., 1990, Omichinski
et al., 1990, 1992, Neuhaus et al., 1992, Lee et al., 1989,
Kochiyan et al., 1991) have been determined. Many studies have
been carried out towards understanding the DNA-recognition
rules for Zn fingers (Fairall et al., 1986, Gibson et al., 1988,
Nardelli et al., 1991, Jacobs 1992, Desjarlais and Berg 1992,
1993, Rosenfeld and Margalit, 1993).
Although similarities in DNA-recognition by some fingers have

been pointed out (Klevit 1991, Berg 1992), these did not provide
rules which could explain DNA-binding specificity of Zn fmgers
generally. On the contrary, in a recent paper, Pavletich and Pabo
(1993) expressed scepticism as to whether such rules exist. They
based this discussion on the finding that not all fingers bind to
DNA in the same way and that some fingers do not even bind
to DNA strongly.

In this paper, we show that it is possible to deduce consistent
rules for DNA-recognition by Zn fingers based on the known
crystal structures.

2. ANALYSIS OF THE CRYSTAL STRUCTURES
We discuss in this section features found in the three crystal
structures, that have not been discussed before.

2.1 'Good' and 'bad' fingers
The two fingers in TTK and the three fingers in Zif bind to DNA
bases (Figure 1). GLI has five fingers: Finger 4 [F4] and finger
5 [F5] bind to DNA strongly. However, Fl and F3 have no
residues contacting the DNA bases, and F2 has only one such
residue (Figure 1). This is in one sense expected since some
fingers are believed to bind to DNA only weakly (Zarkower and
Hodgldn, 1992, Delwel etal.,1993, see also discussion on TFIA
in 3.5). It is therefore important to find out what makes a
DNA-finger interaction specific.
Four amino acid positions are commonly used for base

recognition among the fingers of TTK and Zif; 2, 3, and 6 in
the recognition helix and -1 which is placed in a short linker
connecting the helix to a ,8-sheet (Figure 1).
We argue that a 'good' or 'specific' finger has smaller residues

at the N-terminus of the helix, and larger residues at the C-
terminus. Such a configuration matches the binding-geometry,
in which the N-terminus of the recognition helix is closer to the
DNA than the C-terminus (Figure 2d). In the crystals large
residues, such as Arg and Lys, at position 6, the position farthest
from the DNA can reach a DNA base but small residues, Ala
and Thr, cannot (Figure 1). Amino acid residues can be classified
into four groups according to the shapes of their sidechains: small,
medium, large, and aromatic (Suzuki, 1994 and see Figure 3a
of this paper). Aromatic residues have distinctive shapes but may
often be included in the large group. The position -1 is not inside
the helix and the larger the residue which occupies this position
the better.

Therefore, we suggest that a 'very good' finger has a large
residue at -1, small/medium at 2, medium/large at 3, and large
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at 6. 'Bad' or 'non-specific' fingers have at least two wrong
residues which do not meet this description.

2.2 Type A and B fingers
The fingers in TTK and Zif, and F5 of GLI all recognise DNA
with a very similar geometry, while F4 of GLI binds to DNA
in a very different geometry (Figures 2d, 4 and see 2.3). We
call the two DNA-binding modes: A (TTK, Zif, and GLI F5)
and B (GLI F4).
A recognition helix in the A mode binds predominantly to bases

on one DNA strand (the Watson strand) (Figure 2e), while that
in the B mode binds to the other DNA strand (the Crick strand)
(Figure 2f).
The A and B geometries seem to be fixed by placing phosphate-

binding residues on different 3-strands (Figure 1): If (-strand
2 is designed so that it binds to phosphates on the Watson strand
and if 3-strand 1 is designed so that it does not bind to phosphates
on the Crick strand, the finger behaves as A (Figure 2b).
Alternatively, if (3-strand 1 binds to the Crick strand, while (3-
strand 2 does not bind to the Watson strand, the finger behaves
as B (Figure 2c).
Four positions appear to be important for judging the mode

of a finger: two positions on (-strand 2 ((21 and (23), one
position on (-strand 1 ((311) and one position on the helix
(position 4) (Figure 2). If one of these positions is occupied by
a hydrogen-bond donor such as Lys/Arg or Tyr, it may be used
for phosphate-binding, while if it is occupied by strictly
hydrophobic residue such as Phe, it can not (Figure la).
Any finger can be placed somewhere between an 'ideal' A and

an 'ideal' B finger (3.4) and act as the closest A/B type. The

TTKF1

F2

ZifFl

F2

F3

GLIF1

F2

F3

F4

F5

l1

YRC
XXXXX
KV--CS

YP*PF--CF

YAdPVESCDJ

FQ*RI--C]

FA(4 I--Cj1

TDC|RWDGCS(

FVCIWGGCS

HKCIFrEGCF

YMCEHEGCE

YVCkLPGC'I

123 KI 234567XXXXHX M
RVY TH I SNFCBHYVTSH R

m sm 1
KEFTDRNMTAHVKIIH I

1 mm s
RRF SBSDELTRHIRI-HTG

1 ml 1
RNFSSDHLTTHIRT-H G

1 mm s
RKF SDERKRHTKI-HL

1 ml 1
QEF DS dEQLVHHINSEHI

s11 m
RELRP K YMLVVHMRRH

s al m

KS S LENLKTHLRS-H
1 lm s

KAF SN SDRAIHQNRTHSN
m sm 1

KRY PLRKHVKTVH
m ss 1

lode
A

A

A

A

A

x

x

x

first His, which is required for Zn-binding and is always found
at helix position 7, can be used to bind to a phosphate on the
Watson strand but not to the Crick strand (Figures 1,2b) and
therefore a finger seems to be biased to act as A.

2.3 Amino acid and base positions contacted
The amino acid and DNA base positions contacted are well
conserved among the A fingers (Figure 4). Rules which describe
the positions and sizes of residues used for each of the contacts
are a consequence of the conserved binding-geometry (Figure
2d) and can be summarised in the form of a chart (Figure 3b).
Briefly the stereochemical rules are (see Figure 3b for the
numbering of bases):

a large residue at position -1 contacts base WI,
a small/medium at 2, CO or Wl,
a medium/large at 3, W2, and
a large at 6, W3.

In the crystal structure Glu (large) at position 3 of Zif Fl and
F3 are very close to C[W2] but they do not make a hydrogen
bond. However, as will be shown later in 3.2, Glu occurs at
position 3 almost always with its specific partner C or A at W2
(see 3.1) and therefore it seems reasonable to assume that their
interaction contributes to specificity.
The protein-DNA contacts found for the single B finger (GLI

F4, Figure 4g) are not sufficient for generalising the
stereochemical rules of B fingers. However some other fingers
appear to use a very similar binding-geometry (Figure 4), which
are summarised in Figure 3c.
GLI F5 is essentially an A finger (Figure 4g). However its

binding-geometry is not that of a standard A finger. The slight
differences may be caused by the connection towards the
preceding B finger; thus, the binding-geometry of a finger may
be affected by its connections with neighboring fingers (see 2.4).

2.4 Spacing between fimgers along the DNA
A recognition helix in the A mode is more radial with respect
to the DNA axis than one in the B mode (Figure 2d). As a
consequence, the number of base pairs covered by a B finger
is larger than that by an A finger. Also a connection between
B and A fingers covers a few more base pairs than is needed
between two A fingers (Figure 5). Thus, the spacing between
two neighboring fingers along the DNA is dependent on the types
of the fingers.
An A finger covers four base pairs (base pairs 0 to 3) and is

positioned every three base pairs along DNA by the sharing of
one base pair between two neighboring fingers; that is, base pair
3 for one finger is simultaneously base pair 0 for the following
finger (Figures 5a,b). In contrast, a B finger covers five base
pairs (base pairs -1 to 3) (Figure Sc) and is likely to be positioned
every four base pairs along DNA (Figure Sd, see also 3.4).

B

A

Figure 1. Sequences of the crystallised Zn fingers. The residues interacting with
a DNA phosphate are outlined, while those interacting with a DNA base are
underlined. Also shown are: the DNA-binding modes, A, B, and non-specific
(X); the sizes of residues, small (s), medium (m), large (1), and aromatic (a);
and the positions of the two (3-strands and the recognition helix.

3. EXAMINATION OF OTHER Zn FINGERS
There are number of other Zn finger proteins well characterised
by biochemical techniques, such as foot-printing and PCR. In
this section, we show that the DNA recognition of these proteins
can be understood by the same principles described in section
2. We use the following strategy: (1) identify a 'good' finger,
(2) determine its A/B mode, (3) predict its DNA-binding
sequence, (4) compare the predicted binding sequence with
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experimental data, and (5), if necessary, consider the binding
specificity of less specific fingers neighboring the good finger.

3.1 Chemical code
It is essential to understand the possible specific contacts between
amino acid sidechains and DNA bases (Suzuki, 1994). A contact

a

between a sidechain and a base is achieved by either a
hydrophobic interaction or a hydrogen-bond (Seeman et al., 1976,
Suzuki, 1994). A list of possible contacts, which we call the
chemical code, is shown in Figure 3a.
Some sidechains can bind to only one or two of the four bases

and thus such a contact is very specific. For instance, Ala has
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390 1 / 5 '
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5' 1 0 1 2 3

f
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WEi 0 12'A
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Figure 2. Orientation of recognition helix in the A (b,e) and B (c,f) modes. (a) shows the structure of a Zn finger schematically. An anti-parallel (3-sheet packs
against the recognition helix through the hydrophobic interaction between (311, (323 and a4 and by binding to the same Zn ion through two His and two Cys residues
(one of the Cys residues is positioned at (313). (b) and (c) show ideal A and B fingers, respectively. If (3-strand 1 has basic residues and (3-strand 2 has hydrophobic
residues, the finger binds to the Watson strand in the A mode. In contrast, if basic residues are positioned on (3-strand 2 and at a4, the finger binds to the Crick
strand in the B mode. The arrows show the direction towards the phosphates contacted. (d) shows the orientation of the recognition helices in the crystal structures
in the A (Zif F1,F2,F3, GLI F5), B (GLI F4) and non-specific (GLI F2,F3) modes, viewed down the helix axis of DNA. These were calculated using Ccx of position
4 to define the centre of the helix. The DNA axis is defined locally by the phosphate groups of the closest three to four base pairs. 'N' indicates the N-termini
of the recognition helices. The apparent differences in the length of helices are due to differences in the angle of the helices from the plane on which they are projected;
always thirteen residues (see Fig. 1) are used to draw the helices. The names of the fingers are shown near the filled circles on the corresponding helices. (e) and
(f) show the positions of the contacting protein residues and DNA bases in the A and B(GLI F4) modes, respectively.

d
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a methyl group and bind only to T, the single base which has
a hydrophobic group in the major group. On the other hand, the
binding specificities of other residues, such as Ser, are weak and
therefore less important for the following discussion.

a

Figure 3. Chemical and stereochemical rules. (a) Chemical rules that list the
DNA-binding specificity of each amino acid (see Suzuki, 1994, for details). The
sizes of the residues are also shown: small(s), medium(m), largeo) and aromatic(a).
(b) and (c) Stereochemical rules which describe the residue and base positions
contacted in the A and B modes. The sizes of the residues used for the contacts
are also shown.

3.2 'A' fingers using several Arg residues
Some finger proteins, which have two or three A fingers, are
predicted to use several Arg or Lys residues for base-recognition
(Figure 6a). The DNA-binding specificity of these proteins is
easy to understand, since Arg residue most likely binds to the
G base (Klevit, 1991, Berg, 1992). However, for understanding
the interactions fully, consideration of other types of contacts is
necessary. For example, Glu (aa3) of WT1, SPI and Krox2O
binds to C or A at W2.
Some proteins have more than three fingers but not all of them

are 'very good'. MAZ has five fingers, but three of them
(F1-F3) appear to be sufficient to explain the binding-specificity
of the protein (Figure 6a).

3.3 'A' rfgers not using many Arg residues
Some fingers do not possess Arg at a base-contacting position.
By using the chemical code table, it is possible to discuss the
amino acid-DNA base contacts for these proteins (Figure 7a).
For instance, hunchback binds to A/T-rich sequences and a

theory is needed to explain such specificity (Berg, 1992). We
account for its specificity in terms of the binding specificity of
fingers 2 to 4, which bind in the A mode and make specific
contacts to T bases from Tyr, Phe, Met, and Leu (Figures 6b,
4n-p).

3.4 'B' fingers
F4 of GLI (Kinzler and Vogelstein, 1990) and a related protein
Tral (Zarkower and Hodgkin, 1991,1993) behave as B fingers.
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Figure 4. Contacts observed (a-g) and predicted (h-t) between amino acid residues and DNA bases. Those in A and B modes are shown. The charts are drawn
in the same way as in Figures 3b,c. The lines show contacts, and the circles indicate specific contacts (see Figure 3a). In some of the predictions an ambiguity
is seen as aa2 can bind to two base positions (shown with broken lines). See following references for the MBP family; MBP1 (Baldwin, 1990, Maekawa et al.,
1989), MBP2 (Van 'T Veer et al., 1992), PRDII (Fan and Maniatis, 1990, Nakamura et al., 1990), KBF1 (Henseling et al., 1990, Rustgi et al.,1990), Rc (Wu
et al., 1993), AGIE-BP (Ron et al.,1991), ATBP (Mitchelmore et al., 1990).
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Likewise, MBP1 and related proteins have two fingers and bind
to essentially the same DNA sequences (see references in caption
to Figure 4). One of the two fingers has two Phe residues on
strand 2 (at positions j321 and (323), the other has Ile and Cys.
This may indicate that these fingers are of the B type. Indeed,
the binding-specificity of the fingers is not explained by the
contacting profiles of the A mode but by those similar to that
of GLI F4 (Figures 4q,r).
The binding specificity of Sry( (Vincent et al., 1985, Payre

and Vincent, 1991) can be explained by that of two of the five
fingers, F1 and F2. These two fingers again appear to be in the
B mode (Figures 4s,t) as Fl has Glu and Phe at (321 and (323,
respectively, and F2, Leu and Val. The Glu in F1, which is
repulsive to DNA phosphates, at the position which is usually
occupied by Lys or Arg in the A mode, making it particularly
unlikely that F1 binds in A.

In figure 7 we list all the finger sequences discussed in this
paper from those very 'A-like' to those very 'B-like.' By
comparing a new finger sequence with those in the list, the mode
of finger may be determined. There is a gray area in the middle
of the list (marked AB), in which the A and B characters are

not clear cut.
Sry(3 F2, for instance, has many hydrophobic residues on its

(3-strands and therefore may not bind to either of the DNA strands
strongly. The behavior of such an ambivalent finger may well
depend on fingers neighboring it or by the features of the linker
connecting two fingers (Choo and Klug, 1993).

Figure 5. Spacing between Zn fingers. The spacing between between A fingers
(a and b) and that between A and B fingers (c) observed in the crystal structures
are shown. The spacing between B fingers, which is predicted for MBP1, is shown
in (d). The bases shadowed are those contacted by amino acid sidechains.

3.5 DNA-binding of multiple figer proteins
Some proteins have many fingers. Following the strategy of the
previous sections, the DNA-binding specificity of these proteins
can be explained by that of a small number of fingers (Figure 8b).
The DNA-binding of TFHIA, extensively studied by foot-

printing experiments (Fairall et al., 1986, Churchill et al., 1990,
Christensen et al., 1991, Fairall et al., 1992, Liao et al., 1992,
Hayes and Tullius, 1992, Hansen et al., 1993), can be explained
very well by the chemical and stereochemical rules (see legend
for Figure 9). It is predicted here that with one helical turn of
nine fingers, TFIIA wraps around 3 turns of DNA. F2, F3 and
F5 bind to DNA in a specific fashion and are most important
for the overall recognition.

4. PREDICTION OF Zn-FINGER BINDING SITES IN
REGULATORY SEQUENCES

We have designed a computer program that can predict contacts
between amino acid-DNA base contacts according to the chemical
and stereochemical rules summarised in Figure 3 (Suzuki and
Yagi, 1994b, see also Suzuki and Chothia, 1994, Suzuki and
Yagi, 1994a). In figure 9 we show examples of such calculation
for TTK, TFLIA, and Hunchback.
The predicted sites are consistent well with the experimentally

identified binding sites. DNA-recognition by a Zn-finger can be
understood in terms of the chemical and stereochemical rules.
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Nam* 23 6 Cl Predict Observed Reforence

MIG1 Fl R EH R GGG GGG/GGG Nehlin and Ronne, 1990

F2 R DE R 0 GC (A) G GCG/GCC Nehlin et al., 1991

TTK _Fairall at al.,1992a, 1993

Fl H SN R XAG TAG/AAG/CAG/AGG/AAG/GCG/AAG
F2 R ON A GAX GAA/GAT/GAC/GAT/GAC/GAT/GAT

ADR1 Fl R EH R GGG GAG Blumberg et al.,1987
F2 R L '. GT (C) G GTT Thukral et al ,1991

Krox2O
F1 R DE R O GC (A) G GIG/GAG/GAG Nardelli et al.,1991

F2 R DH T GGX GGG/GGG/GGG Nardelli et al.,1992
F3 R DE R 0 GC(A)G GCG/GAG/GCG Sham et al.,1993

Zif Fl R DE R 0 GC (A) G GCG/GCG/GCG Christy G Nathans, 1989

F2 R DH T GGX GGT/GGG/GGC Lemaire at al.,1990

F3 R DE R 0 GC(A)G GCG/GCG/GCG Hung et al.,1993

Spl Letovsky & Dynan, 1989

Kriwacki et al- 1992
Fl K SH A GGX GGG/GGG/GAG/GAG/GGT/AGG/GGT
F2 R DE R 0 GC (A) G GCG/GCG/GCG/GCG/GAG/GCG/GCG
F3 R DH K 0 GGG GGG/GGT/GGT/GGG/GGG/GGT/GAG

EKZF Fl K SH A GGX GGT Miller & Bieker, 1993

F2 R DE R 0 GC (A) G GIG
F3 R SR D GGX GGA

815 Fl R YN S X GAX GGT/TTG Nagai at ci,1988

F2 R HD R 0 GC(A)G GCG/TCG Tebb et al-,1993
F3 R DA V X GXX GTA/TAC

WT1 Fl K SH M C GGT Call et al., 1990

F2 R DQ R C GAG Rauscher et al-,1990
F3 R NH T GGX Madden et al-,1991
F4 R DE R C GC (A) G Pelletier et al., 1991

observed
1 GGG/GGG/GGG/GGT/GGG/GGG or
2 GCG/GAG/GAG/GAG/GAG/GI 2 GCG/CTG/GGC/GTG/ AC/GGA
3 3 GGG/GGG/GGG/GGT/GGG/GGG
4 4 GCG/GAG/GAG/GAG/GAG/GI

MO Fl D YH R X XGG GGG/AGG/CGG Bossone et al-.1992
F2 R DR Y C I GGT (C) GGA/GGA/GAC Pyrc et al.,1992
F3 R DH S GGX GGG/GGG/GGG Moberg et al.,199?
F4 T DR A X.
F5 S AY D0X I

b

Figure 6. Binding specificty predicted for Zn fingers, which use several Arg residues for base-recognition (a) and which do not (b). 'Very good' (0) and 'bad'
(X) finger are indicated in the class column (Cl). Predicted DNA binding sequences are compared with sequences found in the experimentally identified binding
regions. The DNA sequences shown are those of WI -W3 written from 3' to 5'. The predictions are given by contacts from residue positions -1, 3, and 6 using
the rules of the A mode in Fig. 3. Helix position 2 can contact two DNA positions, so there is some ambiguity. The DNA bases (observed) shown in bold are

the bases same as predicted as contacted by specific partner residues. The bases underlined are those inconsistent with the prediction. The bases in plain are those
predicted to be not contacted, contacted but not specified, or contacted and consistent with the binding specificty of the amino acid residue but not the most specific
candidate. Foot-printing and base-modification experiments are useful to identify the approximate position of a protein on the DNA. However, these are not always
specific enough to pin-point the base contacted by an amino acid sidechain. Interpretation of the results may not be always easy and the results may depend on

the details of the experiment; for example, slight differences can be seen in the two independent methylation protection experiments of CAP binding (see Figure
1 of Ebright et al., 1984 and compare the two profiles with the crystal structure in Schultz et al., 1991). Also, if a whole protein is used instead of its fingers
for the experiment, interpretation becomes more difficult as some additional contacts may occur from outside the fingers. Therefore, there might be slight differences
between our prediction shown here and experimental observation. Also it might be dangerous to conclude a protein's binding-specificity from a single or a small
number of identified binding sites; slight deviations are seen among the identified binding sites of the same protein (Figures 6,8). In this study we tried to include
as many Zn finger proteins as possible. The DNA-binding specificity of most of them can be explained by the rules very well. However we find two notable exceptions
(see the following) which require further study for their understanding. The binding-specificity of SPI has been extensively studied and it matches well with the
rules; SP1 binds to G-rich sequences by using Arg/Lys residues. However, Zhu et al. (1993) have reported that HFIB which has almost the same three fingers
as those of SP1, binds to an entirely different DNA sequence which is rich in A/T bases. This is quite puzzling and is inconsistent with any discussion so far published.
EPF1 (Takatsuji et al., 1992) has two fingers separated from each other. The two fingers, however, have 'wrong' types of residues at the base-recognition positions,
small at -1, large at 4, small at 5, small at 8. Therefore, its DNA-binding specificity cannot be explained by the rules discussed in this paper. The rest of the
protein might be important for the DNA-binding, or the fingers adopt a third binding geometry which is unknown at present.
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Name 23 6 C: Predct Obeed Reference

nI Natesan & Gilman, 1993
Fl SA K X Shi at al.,1991
F2 SK R 0 C (A) GG AGG/AGG/CGG/CGG/CTG/ oGG/AGG/IGG/AGG
F3 L FN T X T (C) AX TAA/TAG/TAG/TAA/TAA/TAG/TAT/TAG/TAG
F4 Q TN S AAX AAC/AAC/AAC/AAC/AAC/AAC/AA /AGG/GTA

CF2 Shea et al.,1990
F1 T GT M X XXT (C) CAT
F2 Q NT Q AXA ATA
F3 V DY K X XT(C)G TCC
F4 QSA V X AXX AGT

Glass Moses et al.,1989
Fl R ST T X GXX GTA Moses and Rubin, 1991
F2 Q AN A AAX AAG
F3 Q SS T X AXX TTC
F4 D ST K X XXG CAA
FS Q GN R O AAG AAG

XKrUppel Schuh et *1.,1986,Zuo et *1.,1991
Parkratz et al.,1989,Stanojevic et al.,1989

Treisman and Desplan, 1989
Fl Y HV N T(C) T (C) X TTG/TSG/TTG/TAG/T1G/TdG/T?G/TTG/TTG
F2 R HH T GGX GGC/GGA/GGT/GGA/GGC/GGT/GGG/GCG/GGC
F3 Q AN R 0 AAG AAT/AAA/CA /AG /CA /TA /CA /AA /AG
F4 D NQ S X
FS R HH N GGX

PHlD _ Keller and Maniatis,
Fl- Q SN V AAX AAA 1991/1992
F2 Q AH K O AGG GTG
F3 S SN T X XAX AAG
F4 Q VH L O AGT (C) AGM
F5 H CS V X XXX

Snail
Fl T MG K X Tony et al.,1992

Kasci et al., 1992
F2 T GA M X
F3 R WL G X
F4 D SN A X XAX TAC/AAC/GAA/GAA/GAC/GAC/GAC/CAC/CAC/TCT/CAA
FS R SL K 0 T(C)G GTG/GTG/GTG/GTT/GTG/ATG/TTG/GTT/GTC/TTG/GTC_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Hunchback Treisman and Desplan, 1989
Fl T VD A X Zuo et al.,1991
F2 F HH Y 0 T(C)GT(C) CGT/CGG/CGG/TGA/CCT/CGA/CGG/TGT/TGC
F3 N SM S X XT(C)X TTA/AAC/TTT/TTT/TTT/ATT/GTT/TTT/GTT
F4 Y HS L T (C) XT (C) TTT/TTT/TTT/TTT/TTT/TTT/TTT/TTA/TTG

F2 GGT/CGT/AGT/TGA/GTT/CGT/TGT/TGT/TTA
F3 TTT/TTT/ATT/TTT/ATT/TTT/TTC/TTT/ATT
F4 TTT/TTT/TTT/TTA/TTT/TTA/TT /TT /TTT

FS D VL I 0 XT(C)T(C)
F6 G VG V X

SRY8 Vincent et al.,1985
Fl S YQ K X Payre and Vincent,1991
F2 D EY L X XTX GTA/GTA/GTT/GTA/GTA
F3 R VN R 0 GAG GAG/GAG/GAG/GAG/GAG
F4 Q NL N AT(C)X ATC/ATT/ATA/AAA/ATT
F5 S KT H X
F6 E YT M X
F7 N KE H X
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111 222 00000000
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EvilF6 FICEV--CHKSYTQFSNLCRIIKRM-kIAD A
ZifF2 FQCRI--CMRNFSRSDHLTTHIRT-kITG A A
KRPF1 FTCKI--CSRSFGYKHVLQNHERT-llTG A
EXLFF3 FCCGL--CPRAFSRSDHLALkIMKR-kIL A
ADRF1 FVCEV--CTRAFARQEHLKRIiYRS-kITN A
WT1F3 FQCKT--CQRKFSRSDHLKTkITRT-IITG A
SNLF4 FQCPD--CPRSEADRSNLRAIIQQT-HVD A
G1sF3 FRCPI--CDRRFSQSSSVTTHMRT-HSG A
SplF2 FMCTWSY-GKRFTRSDELQRlIKRT-lITG A
SplF3 FACPE--:PKRFMRSDHLSKkIIKT-HQN A
SWI5F1 FECLFPGCTKTFKRRYNIRSaIQT-kILE A
YY1F3 FQ.QTFEGCGKRFSLDFNLKTkIVKI-lITG A
CF2F3 FHCGY--CEKSFSVKDYLTKHIRT-kITG A
KRPF2 FECPE--CDKRFTRDHHLKTIIMPL-LITG A
WT1F4 FSgRWPSCQKKFARSDELVRaHNM-HQR A
Znl5F10 FK VVPTCTKTFTRNSNLRAIICQLV1iHF A
TFIIIAF2 FPGKEEGCEKGFTSLHHLTRkiSLT-lITG A
PRDIF2 FKCQT--CNKGFTQLAHLQKJIYLV-IITG A
HBF3 FQQDK--.SYTCVNKSMLNSk1RKS-1lSS A
Znl5F9 FVGQNQGCNYSVMRKDALFKXYGKIflQY A
Su(HW)F4 YACKI--CGKDHTRSYHLKRIIQKYSSCS A
TTKF1 YRCKV--CSRVYTHISNFCRllYVTSHKR A
SplFl HICHIQGCGKVYGKTSHLRAIILRW-HTG A
EKLFF1 HTCGHEGCGKSYSKSSHLKAkILRT-k1TG A
GLI1F5 YVCKLPG_TKRYTDPSSLRKHVKTVHGP A
Krox2OFl YACPVESCDRRFSRSDELTRJJIRI-kITG A
ZifFl YPCPVESCDRRFSRSDELTRHIRI-HTG A
WT1F2 YQQDFKDCERRFFRSDQLKR1lQRR-llTG A
ADRF2 YPXGL--CNRCFTRRDLLIRkiAQKIlISG A
KRPF3 YHCSH--CDRQFVQVANLRRIILRV-IITG A
SWISF2 YSCDHPGCDKAFVRNHDLIR1IKKS-UQE A
SWI5F3 YA_P----GKKFNREDALVVIlRSRMICS A
CF2F2 YTCSY--_GKSFTQSNTLKQHTRI-kITG A
CF2F4 YT_PY--_DKRFTQRSALTVUTTKLHPL A
GlassF2 TRCPD--CNKSFSQAANLTAIlVRT-llTG A
YY1F4 YV_PFEGCNKKFAQSTNLKSHILT-HAK A
PRDIF1 YECNN--CAKTFGQLSNLKVHlLRV-HSG A
SNLF5 YACQV--CHKSFSRMSLLNKHSSSN_TI A
TFIIIAF5 YECPHEGCDKRFSLPSRLKRIJEKV-lIAG A
EvilF4 YECEN--_AKVFTDPSNLQRHIRSQHVG A
GlsF4 YRCSS--CKKSFSDSSTLTKHLRI-IlSG A
HBF4 YRCAD--CDYATKYCHSFKLkjLRKYGlIK A
EKLFF2 YACSWDGCDWRFARSDELTRHYRK-HTG A

0 13 a
I11 222 00000000
123 123 11234567

PRDIF3 HECQV--CHKRFSSTSNLKTIiLRL-IISG A
YY1F2 HVCAE--CGKAFVESSKLKRIIQLV-BTG A
MIG1F2 HACDFP-GVKRFSRSDELTRtlRRI-HTN A
MAZF1 HACEM--:GKAFRDVYHLNRlKLS-lJSD A

Su(HW) F5 MSGKV--CDRVFYRLDNLRSllLKQ-llLG A

SRY5F2 HICPI--CGVIRRDEEYLELklMNL-hEG A
GlsFl NLCRL--CPKTFKTPGTLAMIIRKI-fITG A
ZifF3 FACD I--CGRKFARSDERKR1ITK I -HLR A
TFIIIAF3 FTCDSDGCDLRFTTKANKKKkIFNRFIINI A
TTKF2 YPCPF--CFKEFTRKDNNTAklVKIIkKI A

SRY5F3 KQCRY--CPKSFSRPVNTLRIIMRS-IIWD A
MIG1F1 HACP I --CHRAFHRLEHQTRIIMRI-IITG A
MAZF2 YQCPV--CQQRFKRKDRKSYHVRS-IIDG A

MAZF3 FKCEK--GEAAFATKDRLRAlJTVR-IlEE A
Su(HW)F3 FPCSI--CNANLRSEALLALIIEEQ-IIKS A
HBF2 LQCPK--CPFVTEFKHHLEYkiIRK-llKN A
SRYPF2 ATCNV- -QGLKVKDDEVLDLlMNL-klEG B

SRY8F4 YQCEK- -CGLRFSQDNLLYNkIRLR-IIEA A
PRDIF4 YQCKV--.PAKFTQFVHLKLklKRL-IlTR A
GlassF5 YQCKL--CLLRFSQSGNLNRIJMRV-IIGN A
MBP1F2 YICEE--CGIRCKKPSMLKK1JIRT-11TD B
KBP1F2 YVCEE--:GIRCKKPSMLKKjjIRT- HTD B
PRDIIF4 YICEE--QGIRCKKPSVLLKHIRS-HTG B

MBP1F3
MBP2F4
KBP1F3
PRDIIF5
SRYPF1
GLIF4
TRAlF4

YHCTY - --NFSFKTKGNLTKIlMKSKAIiS
YVCKL- -CNFAFKTKGNLTKjIMKSKAHM
YVCKH- -CHFAFKTKGNLTKLIMKSKAIIS
YH.CTY- -CNFSFKTKGNLTKIlMKSKAaS
IPCH I --CGILMFSSQEVLERlII KADTCQ
YMCEHEGCSKAFSNASDR.AKJIQNRTIISN
YKCEFADCEKAFSNASDRAKHQNRTHSN

B
B
B
B
B
B
B

Figure 7. Sequences of Zn fingers arranged from A-like to B-like. The first group, EvilF6-MAZF2, are predicted to be A, the third group, MBPF3-TRA1F4,
B, while, the second group, MAZF3-PRDIIF4, a mixture of A and B (marked AB).
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Name T 23 6 C3 Predicted Observed Rtronce

Fl K WK A X (see text)
F2 S HH R GGG GGG
F3 T AN K TAG TAG
F4 K NC V
F5 L SR R 0 T(C)GG CGG
F6T TL K
F7 H DY r X
F8 T FN S X
F9 MKSc Xi

EvilFl S AE' Morishita et al., 1988
Perkins et al. ,1991

F2 D QS K X Dlwel *t 1.l ,1993
F3W SN R C TAG
F4 D SN R XAG TAG/TAG/CAG/CAG
F5T SG Q X XXA AA/ AA/ AA/ AA
F6 Q SN R 0 AAG TAG/CAG/TAG/CAG
F7 T SS K X

F8 R AN R 0 GAG
F9 I SN R 0 T(C)AG

F10 0 TN R 0 AAG
Su(HW

Fl R QS K X Parkhurst et al., 1988
Spana and Corces, 1990

F2 T TS R X
F3 S AL L XT (C) T (C) AT,A/ATA/ATA/ATA/ATA
F4 R YH R CGG COT/CGT/CGT/CGT/CGT
F5 R DN S GAX TAC/TGT/TAT/TGC/fGT
F6 S PT I X
F7 A VA K X
F8 V EV R X
F9 R TO T GAX

F10 T KC R X
Fll T AL E .XT(C)C(A)

F12 S DT R X

Zn15Fl L HR R 0 T(C)GG Lipkin et al.,1993
F2 S ES P X
F3 Y KN A X
F4 S TH D X
F5 S AE S X
F6 S SE K XC (A) G

F75 OS K X

F8 N RS G X

F9R DA K GXG GAG/GGT
F10 R SN A GAX GAC/GAC

Fll I ON L
F12 A TC Q X
F13 T LS V X
F14 T SN R XAG
F15 S SN R XAG

b

c d e f

Figur 8. DNA-binding of multifinger proteins. (a) Binding specificity predicted for the fingers. The figure is drawn in the same way as Fig. 6. The space between
lines indicates a break; Evil, for example, has ten fingers grouped into three: Fl, F2-F7, and F8-F10. (b)-(f) DNA-binding of TFLA. In (b) binding sites predicted
for the fingers of TFLIA (F2, F3 etc.) are projected onto the foot-printing contours (5-8) reported by Churchill et al. (1990). The base pair numbers are shown
in diamonds. M and m: the major and the minor grooves, respectively. W and C: the Watson and the Crick strands, respectively. In (c)-(f) four different ways
of wrapping TFIIA around the DNA are shown. (d) shows the proposed mode. The DNA double helix makes three turns, while TEHIA makes three turns in (b),
two in (c), one in (d), and no turn in (e). The protein crosses the minor groove, not at all in (b), once in (c), twice in (d), and three times in (e) (shown with 'X').
It is predicted here that the N-terminal fingers, F2- F5, are better than fingers in the C-terminus, which agrees well with the experimental observation that a fragment
containing Fl -F3 is the core for DNA-binding (Liao et al., 1992, Hansen et al., 1993). Using the established N to C direction of TFUIA on the DNA and why
the foot-printing results (Miller et al., 1985, Churchill et al.,1990, Liao et al., 1992), the binding site of F5 is predicted as positioned about 15 base pairs from
that of F2 and F3. A further l5bp from the F5-binding site another patche is protected in the experimental data probably in a less-specific way by the C-terminal fingers;

3'-A(90)GAGGGTAGGT(80)TCATGATTGG(70)TCCGGGCTGG(60)
F2,3 F5

GACGAACCGA(50)AGGG-5'.
(F7-F9)

F6 and maybe F4 are used to cross over the minor groove twice. This DNA-binding mode of TFIA corresponds to (d) and is essentially consistent with previous
proposals (Fairall and Rhodes, 1992, Hayes ad Tullius, 1992, Hansen et al., 1993).
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Figure 9. Prediction of finger-binding sites in regulatory DNA elements. That of Fl and F2 of TTK in theJishi tarazu promoter (a), F2 and F3 of TFRIA in
the 5SRNA promoter (b), and F2-F4 of Hunchback in the hunchback distal promoter (c) are shown. The binding sites identified experimentally (Fairall et al., 1992,
Liao et al., 1992, Treisman and Desplan, 1989) are shown with bars. In (a) the prediction using Fl only and that using F2 only are also shown for comparison.
Note that neither Fl nor F2 of TTK on their own are sufficient to specify the TTK binding site. However the two fingers in combination are sufficient.
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