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Recognition of different nucleotide-binding sites in primary structures

using a property-pattern approach
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Consensus sequence patterns for f-x-f folds binding FAD, NAD and GTP were constructed on the basis of
11 steric and physicochemical properties. These property patterns permit detection and distinction of the respective
nucleotide-binding sites on the basis of amino acid sequence analysis alone. The SWISS-PROT database (release
9) was screened with the three calculated patterns, and nucleotide-binding sites identified are presented. They
correspond to existing structure data (if known). For the detected sequence segments we are able to predict the
p-o-p motif as well as the respective binding sites. For some of the proteins so detected a nucleotide-binding

capacity has not previously been reported.

Many mononucleotide- and dinucleotide-binding proteins
possess a common structural motif although the underlying
primary structures vary greatly. Often two neighboring
strands and an antiparallel interconnecting o helix participate
in the binding of the ribose moiety of different nucleotides [1].
The evolutionary history of this f-a-f motif is stil unclear [2).
Whereas for the NAD-binding domain the existence of a
common ancestor NAD-binding protein is assumed [3], a
convergent development is more likely in the case of ATP-
binding sites [4]. Apart from this obvious evolutionary
interest, a study of the sequence relationship is of practical
importance as well. Nucleotide binding is involved in many
metabolic reactions and in central regulatory mechanisms of
the cell. Furthermore, the nucleotide-binding properties of
several oncogene products have stimulated the interest in the
relationship between primary structure and the p-a-f motif.
Many papers have therefore dealt with recognition and predic-
tion of nucleotide-binding sites. In most cases such studies
have focussed on preservation of amino acid patterns in the
nucleotide-ribose-binding loop [5 — 9] between fa and «b (for
nomenclature see [1]). Wierenga and Hol [10] included hydro-
phobic properties of the interacting secondary structures into
their predictions. This hydropathy pattern has been further
refined [11—13]. But steric and other structural properties
of amino acids may also contribute to the functional and
structural features of the f-a-f motif.

The recognition and prediction of nucleotide-binding sites
is a suitable application for our pattern-search algorithm
based on steric and physicochemical properties [14] (for a
review of pattern-search methods see [15]). Our program PAT
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Enzymes. Alcohol dehydrogenase (EC 1.1.1.1); glucose dehydro-
genase (EC 1.1.1.47); glutathione reductase (EC 1.6.4.2); lipoamide
dehydrogenase (EC 1.8.1.4); malate dehydrogenase (EC 1.1.1.37);
mercuric reductase (EC 1.16.1.1); NADH dehydrogenase (EC
1.6.99.3); phosphoribosyl aminoimidazole carboxylase (EC 4.1.1.21);
ribitol dehydrogenase (EC 1.1.1.56); tryptophan 2-monooxygenase
(EC 1.13.12.3); UDP-glucose epimerase (EC 5.1.3.2).

[14] tested on many examples [16] calculates consensus pat-
terns of steric and physicochemical properties from a master
set of aligned sequence segments and subsequently screens
protein-sequence databases. By including known interactions
within the f-«¢-f folds and the functional requirements of
nucleotide binding it has been possible to discriminate the
different binding sites of FAD, NAD and GTP on the basis
of information of the primary structure alone.

MATERIALS AND METHODS

Each amino acid is represented by a vector of steric and
physicochemical properties, either present or absent. The
property set proposed by Taylor [17] was taken from Zvelebil
et al. [18]. Because of some special features, glycine as well as
proline have each been treated as a ‘property’. The vector of
each amino acid contains 11 properties (Fig. 1). There are also
vectors standing for an undefined amino acid and for a gap.
The program PAT analyzes the master set, position by posi-
tion, and evaluates whether a considered property is present
‘always’ (1) or ‘never’ (0) or ‘sometimes’ (dot) (Fig. 2). This
leads to vectors of 1’s, 0’s and dots characterizing the property
pattern in each sequence position. These vectors are compa-
tible with sets of amino acids (Fig. 2) according to their prop-
erty vectors. It may seem to be a complicated way to calculate
a pattern, but for predictive use it has the advantage, that
similar amino acids which are not in the master set nevertheless
belong to the property pattern.

Database screening

The basis of database search may be the different sets of
amino acids (for this task many programs exist) or the prop-
erty pattern itself (Fig. 2). Because of additional weighting
possibilities (not used here) PAT directly compares the prop-
erty pattern with all possible subsequences of all entries in
the database. Any amino acid is called compatible with the
pattern, if its property vector contains all properties that have
to be ‘always’ present and no property that has to be ‘never’
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ASR Hyd Pos Neg Pol Chr Sml Tin Ali Aro Pro Gly

2 Cys C 1 o] o o] o 1 o] ¢] o o] o

10 Leu L 1 [o] o] [o] o o] o] 1 o] [¢] 0
11 Met M 1 o] (o) [¢] o (o} o] o o] o] o]
12 Asn N o] ¢] (9] 1 o 1 o o o o] o]
13 Pro P o] o] o] [¢] o] 1 Q o] o] 1 o]
14 Gln @ o] o] (o] 1 o o o] o] o] (o] o]
15 Arg R o] i [¢] 1 1 (o] o] o] o] 0 o}
16 Ser S o] o] [¢] i o 1 1 0 o o o]
17 Thr T 1 o] [ 1 ] 1 o 0o o] ¢} o]
18 val v 1 0 o o] o] 1 o 1 o o o]
19 Trp W 1 o] [¢] 1 o] (o] o] o] 1 0 o
20 Tyr Y 1 o] o] 1 o] o] o] o] 1 [¢] o]

21 Asx B o (o] o} 1 o o] o] 0 0 0 o}

22 ? X 1 1 1 1 i 1 1 1 1 1 i

23 Glx 2z o] [¢] [o] 1 o o] o] o} o ] o

Fig. 1. The properties of amino acids used in this approach. Hyd,
hydrophobic; Pos, positive charge; Neg, negative charge; Pol, polar;
Chr, charge; Ali, aliphathic; Sml, small; Tin, tiny; Aro, aromatic;
Pro, proline; Gly, glycine. An amino acid either possesses the property
(1) or not (0) (for details see [14, 18])

present. ‘Dot’ places in the pattern are considered to be neu-
tral. If an amino acid is not compatible with the property
pattern, a mismatch is recorded. The number of allowed
mismatches can be specified. For details including the search
for several motifs see [14].

Construction of property patterns for nucleotide-binding sites

Several general properties of the nucleotide-binding f-o-§
folds were included in the calculation of all property patterns.
(a) In the nucleotide-ribose-binding loop between the fa
strand and the ab helix a pattern of tiny amino acids is typical
(see the region of the two conserved glycines in Fig. 2), because
more bulky side chains would interfere with the effect of the
ab dipole moment upon the ligand [19, 20] and would fail to

structure bbbb aaaaaaaaaaaa bbbb
remark vt XXX

hydrophobic Ll1111.1..11., .., 11...0.1...1.1.
pos.charge .00000000000.000.0....0.0.,.0000.

neg.charge . 00000000000.000.00.0..000.0000.

polar 1.0000.0..0...... O.1...1..... G.1
charge +00000000000.000.0. ... G, .00001
small RIS 8 1 B SN SO loiieneann
tiny 00..0111..10....... 0...0..0 00
aliphatic 01..1000,.0........ 0..000..... 10
aromatic . 0000000000.000..0.0..0.00.00000
proline 00000000. 0000000000000.000.00.00
alycine 000001.1...000..00,00.0000000.00
corresponding

permissible DIAAIGAGAARACAAAAARADAADHARCAAAID

amino acids: ELCCL G CCGICCCCCCCECCNKCCDCCCLE

HVIIV § GG LDIGFDIFKFDPNMIEIIGVK

KWL NI MGLIGELGNHESQTKFLLUIWR

NYMM PL TIMLIFMHGIF-R-LHMMLY
o w M VKNMLHVIRKG T MINTM
R TN WLONMI K LH - NKQVP
T G YMSONK L MI QLSWV

S NTSGL M NK RMTY

T QVTSM T OL SNV

vV  RWVTN V RM TPW

W SYWvR W SN way

Y T YWR Y TG YR

vV YS VR T

W T WS v

W v Y
Y W
Y

Fig. 2. Property pattern for FAD-binding sites. In the remark line
the sign ‘I” means that at this position the amino acid is obligatory
(mismatch forbidden) and “*’ marks positions where deletions are
allowed. The specified properties occur ‘always’ (1), ‘never’ (0) or
‘sometimes’ (.) in the respective positions. In the lower part of the
figure all those amino acids have been inserted which are compatible
with the pattern in the pertinent position. For example aspartate (D)
is compatible at the first place of the pattern, because it is polar and
neither tiny, nor aliphatic, nor glycine, nor proline. The dot places are
not evaluated, because they stand for non-obligatory properties. The
longer the ‘tail’ of permissible amino acids, the less the corresponding
position is specified by the property vector. Amino acids compatible
with the pattern may or may not have been present in the master set;
pos, positive; neg., negative



meet steric requirements (see €. g. [21]). (b) The two interacting
f strands are highly hydrophobic [22], because they are located
in the core of a § sheet, or are otherwise shielded against
the protein surface (positions in both f strands are therefore
mostly hydrophobic in Fig. 2). (¢) In order to interact with
the two f strands, the o helix must have a hydrophobic mo-
ment [23] which implies a particular hydrophobicity pattern
in the sequence [24] (see the a helix in Fig. 2). (d) The side
chain of the last residue in the second f§ strand forms a stable
bond with the nucleotide-ribose moiety [12] and therefore has

structure bbbbb aaaaaaaaaaaa bbbbb
remark X Pox! KKK KKK KK

hydrophob. I I R A 1.1.0
pos.charged «000000000.00..00.00...0. . vvcurcnen 0.000
neg.charged 00000000000000.00, .00.0, e v cuunrnann 00001
polar 100.0.0..0.00..,.... Oienvencicnaanan 0.0.1
charged «000000000.00..00..0.uccreersennss 0.001
small LL.... D
tiny LT o R R s (o]
aliphatic «1..1.0.00..000cuununnn Oeevnanrnarsenanans o]
aromatic 000.0.0.00.00..0..0.,0000....00.0. 0000.0
proline 00000.00000000.,00000000. « v v vunsn 000000
glycine 000.001..1.0.0.00,.00.0.0u.00uauran 000.00

Fig. 3. Property pattern of NAD-binding sites. The symbols are the
same as in Fig. 2. Most conserved are the glycines in the ADP-ribose
binding loop (marked with ‘). The second loop without a role in
nucleotide binding may vary to a much greater extent (many insertions
may occur). Hydrophob., hydrophobic
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to be polar (last position in Fig. 2). (¢) The loop between the
ab helix and the fb strand is turned away from the binding
site, and its length can be expected to vary (in the pattern such
positions are marked by “*’). The relationship outlined under
(a) —(e) have been included and appear in corresponding posi-
tions in the consensus property patterns (Figs 2—4 and Ap-
pendix).

Property pattern of FAD-binding sites

The pattern of FAD-binding sites is based on an alignment
of five known FAD-binding sites using simularities with
glutathione reductase, whose structure has been determined
(see Table 2 in [6]). Some possible insertions in the region
between the helix and the second f strand (fb) were taken
into account. In a second step some closely related enzymes
from other species were included. PAT calculated the consen-
sus pattern in Fig. 2.

Property pattern of NAD-binding sites

The structure of several NAD-dependent dehydrogenases
is known (see Protein Structure Data Bank [25]). Since the
primary structures of closely related enzymes from other
species is available, a good initial alignment of 30 binding
sites could be established. An insertion was permitted (Fig. 3)
within the well-known GXGXXG/A amino acid pattern of the
nucleotide-ribose-binding loop (cf. alcohol dehydrogenases of
yeast). NADP-binding sites do not always form a S-a-f fold.
For instance, only one of the two NADP-binding sites of
dihydrofolate reductase possesses a f-a-f-like structure. Be-
cause of this uncertainty, no separate pattern was constructed
for NADP.

Property pattern of GTP-binding sites

The structure of some GTP binding sites is known [26 —
28). The specific nucleotide-ribose-binding loop exhibits a G/

structure bbbb aaaaaaaaaaaaa

remark v ! H
hydrophob. [ 15 I A I . N «.1.1101.1. ... 1101....
pos.charged .00000..0.010000..0....0.0....0. ..0..00000...0.. 0001.0..
neg.charged 000000.0.00000000000. .. ... O.... 0.0.00.0000....0 0000. ...
polar 1.0.00....011..... Ouenaneieaens eaeaes 1..01..... 0011.1..
charged .00000....010000. .0, icinennuanns 0..0.000...... 0001....
small ... 1 A o 11.1...... ».10....
tiny 00.001....10..00..0.0....c00uunn ..0.000..10..... ..00.0..
aliphatic 0...100.0,0000. . verervenoncacanes  ececaen 0.000.0... ..00.0..
aromatic 0.0.00.00,000000...000..00....00  ...... 0000.00.00 . 000000.
proline 000000000000000000000000. .0.0.00 00000000 . 0000000 0000000,
glycine 00.00....0100000.00000....... O.. +0000000. 1000000 + . 000000

Fig. 4. Property pattern of GTP-binding sites. The symbols are the same as in Fig. 2. The first sequence segment forms a -z motif (the second
p-strand does not necessarily lie in the segment), the second sequence segment is a magnesium-binding site, and the third a turn specific for

guanidine fixation
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NADuotains) 13 FAD(totat:20)
%0 l 140
130
120

70

GTP(+otal:82)

[} 7 2 3

7

Fig. 5. A cumulative representation of the number of detected sequence segments, depending on the number of permissible mismatches. The ‘total’
number of respective binding sites denoted in the SWISS-PROT is also shown. [ Binding sites as looked for. Z Binding sites with similar
function to those looked for (for example, a FAD-binding site detected by the NAD pattern or a ATP-binding site detected by the GTP-
binding pattern). N Nucleotide-binding S-a-f motifs in general. [l Proteins whose nucleotide-binding capacity has not been reported so far.
A B-o-f motif is conceivable. B Sequence sections with different folding patterns, without nucleotide binding. The thresholds (T1—T3) were
chosen to allow searches with different degrees of relatedness to the sites looked for. The most stringent criterion (threshold 1, up to Tt
mismatches) was found to exclude any type of binding site other than that looked for. Threshold 2 (up to T2 mismatches) was found to detect
already similar functions (for instance dinucleotides) and the f-a-f fold. Threshold 3 (up to T3 mismatches) was found to tolerate additional
B-a-B motifs performing binding of even less related nucleotides. For all thresholds no sequence section with known different folding pattern

was found

AXXXXGK pattern [29]. Since this is not yet sufficient for a
distinctive recognition, we included also the conserved mag-
nesium-binding site and a turn region specific for guanine
fixation [27—29] into the pattern calculation (Fig. 4). The
master set containing 25 sequences was taken from Table 1 of
[30].

Tubulins seem to have a different GTP-binding mode. The
conserved guanine-ribose-binding loop contains the consensus
pattern GGGXGXG [7]. Such binding sites have been ex-
cluded from the master set.

ATP-binding sites are considerably more flexible in their
structure than GTP-binding sites. In numerous primary struc-
tures of ATP-binding proteins we could determine only one
glycine as a common essential constituent of the ribose-bind-
ing loop. A universal pattern for distinctive recognition of
ATP-binding sites has not been found. For instance, some
protein superfamilies contain the so-called Walker motif [5],
the protein kinases have a motif similar to dinucleotide-bind-
ing proteins [30 — 32}, at least the cation-dependent ATPases
show a different pattern in their nucleotide-ribose-binding
loop [33], and within the tRNA-synthetase family this loop
exists in many variants [9].

RESULTS

The three property patterns for FAD, NAD, GTP
(Figs 2—4) were used to search matching sequences in the
SWISS-PROT database ([30], release 9.0). Sequence segments
showing a match were studied in detail to determine whether
the segment was really an expected site as predicted by the
pattern. Fig. 5 shows the statistics of predictions. Permitting
some mismatches functionally and structurally, related regions
were also recognized.

By defining optimal thresholds (Fig. 5) we may separate
‘wanted’ from ‘unwanted’ samples of segments. The quality
of prediction may be assessed by the number of false positives
(i.e. sites predicted for a pattern, but in fact not belonging to
that class) and by the number of false negatives (i.e. sites not
found by the pattern).

FAD-binding sites

SWISS-PROT keyword lines list 29 proteins as ‘Fas-bind-
ing’; we found 14 of them with threshold T1 (0 or one mis-
match), see Fig. 5. A less stringent search (up to five
mismatches) did not identify additional FAD-binding proteins
(Fig. 6) but recognized NAD-binding sites (see threshold T2
in Fig. 5) and other f-a-f motifs. In most of the FAD-binding
proteins not detected FAD is covalently bound. They may
have a different structure.

Binding sites for FAD and NAD(P) are well distinguished
even when they coexist in one molecule. They are apparently
closely related by evolutionary descent, as are those of e.g.
glutathione reductase (GHSRSHUMAN, GHSRSECOLI),
lipoamide dehydrogenase (POD3$PSEPU, PYD3$ECOLI)
and NADH dehydrogenase (DUNASECOLI) (see Fig. 6 and
Appendix I).

NAD-binding sites

The database includes 117 NAD-binding proteins (exclud-
ing membrane-resident proteins of the electron-transport
chains, being apparently unrelated to our master set of NAD-
binding proteins). The pattern search detects 90 of them,
together with a number of NADP-binding sites (with a f-a-§
fold). With less than threec mismatches only a small number
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code protein (broad class) pos mis [ aB ] o bA 3 [ bB ] nucl.
ALOX$SHANPO = alcohol oxidase e [ DIIVVGGGSTGCCIAGRLANLDDONLTVALIE FAD
DHNASECOLI = NADH dehydrogenase 171 o NIAIVGGEATGVELSAELHNAV~KALHSYGYK (FAD?)
MERASNEUCR = mercuric reductase 99 o] HIAVIGSGGAAMAAALKAVEGG-—-ARVTLIE FAD
MERASPSEAE = 100 (o] QVAVIGS5GGAAMAAAL KAVEGG~~~AGVTLIE FaD
MERASSHIFL = : 9 [o] HIAVIGSGGAAMAAAL KAVERG~—~ARVTLIE FaD
PHHY$PSEFL = p-hydroxybenzoate hydroxylase 4 Lo} QVAI IGAGPSGLLLGRLLHKAG—-—~1DNVILE FAD
PYDISECOLLI = lipoamide dehydrogenase 7 o] QVVVLGAGPAGYSAAFRCADLG---LETVIVE FAD
ADRO$BOVIN = NADPH:adrenwdoxin oxidoreductase 40 1 QICVVGSGPAGF Y TAQHLLKHHSR-AHVAIYE FAD
FRDASECOLI = fumarate reductase 7 1 DLAIVGAGGAGLRAATAAAGANPNAKIALISK FAD
GSHR$ECOLI = gluthathione reductase 6 1 DYIAIGGGSGGIASINRAAMYG———QKCALIE FAD
GSHR$HUMAN = 22 1 DYL.VIGGGSGGLASArRAREL G—~~ARAAVVE FAD
MERASSTAAU = mercuric reductase 87 1 DLLIIGSGGAAFSAAIKANENG———AKVAMVE FAD
OXDASPIG = D-amino acid oxidase 2 1 RVVWVIGAGVIGLSTALCIHERY-H-SVLQPLD FAD
POD3I%PSEPU = lipoamide dehydrogenase ] 1 tLLIIGGGPGGYVAAIRAGALG~~~IPTVLVE FAD
TRZM$PSESY = tryptophan 2-moncoxygenase 40 2 RVAIVGAGiSGLYAATELLRAG--VvKDVVLYE ? (1)
BEN4$PSEPU = benzene degratation system 145 3 RLLIVGGG1 IGCEVATTArKLG—-~LsVTILE ? (2)
DHLLO$AGRT4 = lysopine dehydrogenase 3 3 KVAILGAGNVALTLAGDLARRL-—gQVSsikWa NAD
DHSOS$SHEEP = sorhitol dehydrogenase 172 3 KVLVeGAGP IGLVNLLAAKaMG~-AAQVVV LD NAD
P49$STRLI = P49 protein 3 3 DaVVVBAGPNGLTAAVELARRG-—-—fPVAVTE 7 (3)
TDH$ECOLI = threonine 3-dehydrogenase 166 3 DVLVsGAGP IGIMAAAVAKRVGE-—-ARNWVI tD NAD
YNIZSMETTH = hypothetical nif protein 2 3 KIVVWWGEGTSGLLSALALeKeG———hDVLVLE ? (4)
Y21K$ECOLI = hypothetical 21K protein 8 3 DVIIIGEGhAGLEAAMAAARMG-——GATLLLt 2 (S)
GDHASNEUCR = glutamate dehydrogenase 221 4 RVAL sGSENVAqQYAALKL IELG--ATVVslsD NADP
GSHR$HUMAN = gluthathione reductase 189 4 RsVIVGAGY IAVEMAGILsal.G——SKTSLMIR NAD(P)
LDH$BACST = lactate dehydrogenase 8 4 RWVIGAGfVGaSYVFALMNGG-iAdEIVLID NAD
PNTASECOLI = pyr. nucleotide transhydrogenase 166 4 KVMVIGAGVAGLAAIGAANSLG-——AIVrAfD NAD
POD3%$PSEPU = lipoamide dehydrogenase 174 4 HLVVVGGGY IGLELGIAY rKLG-——-AQVsVVE NAD
PURG$ECOLI = phos.rib.aminoimidazol carboxylase b4 4 GVI1aGAGGAARLpGMIAAKTL~--VPVLGVp ? (&)
TRZM$AGRT4 = tryptophan 2-moncoxygenase 238 4 KVAVIGAGiSGLYVANELLhAG——VvdDVTIYE ?(7)

Fig. 6. Screening result for the FAD pattern. First column, SWISS-PROT codes; second column, position of the sequence segment; third
column, number of mismatches, fourth column, alignment of detected sequence segments as one letter code (amino acids not compatible with
the pattern are in lower case; fifth column, nucleotide bound (for those in parentheses binding is not certain). The f strands are denoted by
[Ba] or [b], the ab helix by [ab]. Remarks. (1) and (7), tryptophan 2-monooxygenases were also detected with the NAD pattern (see Appendix
I). (2) This enzyme is involved in benzene degradation, a dinucleotide as hydrogen acceptor is conceivable. (3), (4) and (5) Hypothetical
proteins. (6) This phosphoribosyl aminoimidazole carboxylase is involved in purine synthesis
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of false positives was found (Fig. 5 and Apendix I). They all
correspond to a f-z-f motif.

GTP-binding sites

Apart from tubulins, a total of 82 proteins are labeled
as ‘GTP binding’ in the database. By comparison with our
property pattern we found 67 of them (Fig. 5, for details see
Appendix II). Nearly all of the remaining 15 sequences belong
to the protein family of the so-called ‘negative factors’.

The pattern G/AXXXXGK expected for the guanine-
ribose-binding loop [29] is confirmed by our results. Already
the f-a-f motif excludes nearly all other functionally unrelated
sequence segments. In this step of database search many ATP-
binding B-a-f folds were also detected. The second and third
motif of the pattern (Fig. 4) discriminated clearly the other-
wise very similar binding sites for GTP from those for ATP.
Other GTP-binding proteins, not yet contained in SWISS-
PROT (release 9.0), do match the property pattern. In proteins
without a GTP-binding property at least five mismatches were
noted (thresholds T1 in Fig. 5).

DISCUSSION

Our strategy is based on the obligatory presence or absence
of amino acid properties (Fig. 1) at a position defined by a set
of aligned master specimens. This is a plausible and simple
heuristic rule wich does not require complicated score calcu-
lations.

Our results document satisfactory identification and dis-
crimination of nucleotide-binding sites. A stringent search (up
to threshold T1 in Fig. 5) lists only sites looked for (with a
risk of false negatives, i.e. overlooked sites). A more relaxed
criterion eliminates nearly all false negatives (at the risk of
false positives, i.e. the related NAD-binding sites appear dur-
ing a search for the FAD motif), whereas the loosest criterion
finds nucleotide-binding f--f folds in general, and excludes
structures to a satisfactory degree (threshold T3 in Fig. 5).

Thus mononucleotide- and dinucleotide-binding sites
could be clearly distinguished. ATP-binding sites are not found
by a property-pattern search for GTP-binding motifs, showing
the importance of the second and third motif. The FAD pat-
tern does not recognize the closely related NAD-bindng sites,
even when both occur in one protein. Strong position-depen-
dent differences between the two sites were not found, but
the FAD motif has a more stringent set of properties (only
relatively few ‘dots’; compare Figs 2 and 3). In the FAD-
binding site no insertion was observed in the adenine-ribose-
binding loop and at least five of the six amino acids in this
region have to be tiny. Flavin, being more bulky than the
nicotinamide of NAD, may restrict the variability of the FAD-
binding site. More sequences are needed to verify this con-
clusion.

The adenine-ribose-binding loop between the fa strand
and the ob helix also represents the most stringent criterion in
the NAD-binding sites (Fig. 3). Tiny amino acids (t) were
found at the only permissible insertion locus of the binding
loop (GXtGXXG/A). In this case, nearly all the amino acids
of the loop have to be tiny (GttGtXG/A). Ribitol dehydroge-
nase and glucose dehydrogenase contain a similar pattern
in their potential nucleotide-ribose-binding loop: GttXGXG
[34], as do the GTP-binding tubuline.

Only some NADP-binding sites were detected by the NAD
pattern. We suspect that the additional phosphate group of

NADP increases the flexibility of the motif. Thus, in the
NADP-binding site of several mercuric reductases the second
glycine in the adenine-ribose-binding loop, presupposed to be
essential in NAD-binding sites (in Fig. 3 both glycines are
marked by ‘"), is replaced by histidine. The third important
glycine of the NAD motif is replaced by alanine in NADP-
binding sites [35, 36], but specific NAD-bindig sites may like-
wise have an alanine, as do certain FAD-binding motifs, like
mercuric reductaes. Nevertheless, this alanine seems to be one
of the key residues in the distinction between NAD- and
NADP-binding sites [36].

Distinction of binding sites as described here is impossible
with patterns in which only one amino acid appears in one
position [37], even by allowing for conservative exchange.
Obviously, it is the conservation of obligatory steric and
physicochemical properties to which our method is tailored.
The nucleotide-binding sites found with the property patterns
are in accordance with structural data (where available).

Furthermore, we are able to predict nucleotide-binding
sites in hitherto unstudied sequences with the mismatch
threshold chosen (Fig. 5). We have found a number of binding
sites that were not labeled in the database, i.¢. a NAD-binding
site on an enzyme involved in benzene degradation (BEN4$-
PSEPU). UDP-glucose epimerase (GALXS$SACCA), detected
without deviation from the NAD pattern is not labeled, but
indeed has NAD as a cofactor. We were further compelled
to conclude that one dinucleotide-binding site 18 present in
tryptophan 2-monooxygenases (TR2MS$PSESY, TR2MS-
AGRT4) and in the hypothetical protein 21K
(Y21KS$ECOLI), because they were detected by both
dinucleotide patterns. For the hypothetical P49 protein
(P49SSTRLI), the hypothetical nif protein (YNI2SMETTH),
phosphoribosyl aminoimidazole carboxylase (PUR6$-
ECOLI) and the pentafunctional aromatic polypeptide
(ARO1$ASPNI) we can predict nucleotide-binding sites. (The
exact positions and the respective sequence segments are
aligned in Fig. 6 and in the Appendix.)

Our method is also useful for sequenced proteins known
to bind nucleotide because we are able to predict the exact
position of their f-a-f topology (if present). Therefore this
determination of functional sites implies prediction of topo-
logical elements (in this case the f-o-f motif).

We conclude that NAD, FAD- and GTP-binding sites
forming a f-o-f motif can be detected and classified by our
method. We are present studying the same task for other
functional sites or domains conserved in their topology.

We thank Prof. J. G. Reich for helpful discussions and critical
reading of the manuscript. This work was supported by Prof. W. Pfeil
and Dr W. Schépp.

REFERENCES

1. Rossmann, M. G., Liljas, A., Brinden, C.-l. & Banaszak, L. 1.
(1975) in The enzymes, 3rd edn (Boyer, P., cd.) vol. 11, pp. 61—
102, Academic Press, New York.

2. McLachlan, A. D. (1987) Cold Spring Harbor Symp. Quant. Biol.
52, 411—420.

3. Rossmann, M. G., Moras, D. & Olsen, K. W. (1974) Nature
(Lond.) 250, 194—199.

4. Fothergill-Gilmore, L. A. (1986) in Multidomain protein structure
and evolution (Hardie, D. G. & Coggins, J. R. eds) pp. 85—
174, Elsevier Press.

5. Walker, J. E., Saraste, M., Runswick, W.J. & Gay, N. J. (1982)
EMBO J. 1,945—951.



00~

10.

11.

12.

19.

20.
21.

22.
23.

. Rice, D. W., Schulz, G. E. & Guest, J. R. (1984) J. Mol. Biol.

174,483 —496.

. Maller, W. & Amons, R. (1985) FEBS Lett. 186, 1 —7.
. Fry, D. C., Kuby, S. A. & Mildvan, A. S. (1986) Proc. Natl Acad.

Sci. USA 83,907—-911.

. Webster, T. A., Lathrop, R. H. & Smith, T. F. (1987) Biochemistry

26, 6950 —6957.

Wierenga, R. K. & Hol, W. G. J. (1983) Nature (Lond.) 302,
842 —844.

Sternberg, M. J. E. & Taylor, W. R. (1984) FEBS Lett. 175,387 —
392.

Wierenga, R. K., DeMayer, M. C. H. & Hol, W. G. J. (1985)
Biochemistry 24, 1346 —1357.

. Wierenga, R. K. & Hol, W. G. J. (1986) J. Mol. Biol. 187, 101 —

107.

. Bork, P. & Grunwald, C. (1989) Stud. Biophys. 129, 231 —240.

. Taylor, W. R. (1988) Protein Eng. 2, 77— 86.

. Bork, P. (1989) FEBS Lett. 257, 191 —195.

. Taylor, W. R. (1986) J. Mol. Biol. 188, 233 —258.

. Zvelebil, M. J., Barton, G. J., Taylor, W. R. & Sternberg, M. J.

E. (1987) J. Mol. Biol. 195, 957—961.

Hol, W. G. I, Van Duijnen, P. T. & Berendsen, H. J. C. (1978)
Nature (Lond.) 273, 443 —446.

Hol, W. G. J. (1985) Prog. Biophys. Mol. Biol. 45, 149 —195.

Edwards, M. S., Sternberg, M. J. E. & Thornton, J. M. (1987)
Protein Eng. 1, 173 —181.

Lim, V. 1. (1974) J. Mol. Biol. 88, 857 —872.

Sweet, R. M. & Eisenberg, D. (1983) J. Mol. Biol. 171,479 —488.

24.
25.

27.
28.

29.

30.
31.

32
. Taylot, W. R. & Green, N. M. (1989) Eur. J. Biochem. 179, 241 —

34.
35.
36.
37.

38.

353

Palu, J. & Puigdomenech, P. (1974) J. Mol. Biol. 88, 475—469.

Bernstein, F. C., Koetzle, T. F., Williams, G. J. B., Meyer, E. F.,
Brice, M. D., Rogers, J. R., Kennard, O., Shimanouchi, T. &
Tasumi, M. (1977) J. Mol. Biol. 112, 535--542.

26. LaCour, T. F. M., Nyborg, J., Thirup, S. & Clark, B. F. C. (1985)

EMBO J. 4, 2385—2388.

Jurnak, F. (1985) Science 230, 32 —36.

Pai, E. F., Kabsch, W., Krengel, U., Holmes, K. C., John, ]. &
Wittinghofer, A. (1989) Nature (Lond.) 341,209 —214.

Dever, T. E., Glynias, M. J. & Merrick, W. C. (1987) Proc. Natl
Acad. Sci. USA 84, 1814 —1818.

Bairoch, A. & Claverie, J. M. (1988) Nature (Lond.) 331, 22.

Hanks, S. K., Quinn, A. M. & Hunter, T. (1988) Science 241,
42 —52.

Leader, D. P. (1988) Nature (Lond.) 333, 308.

248.

Jornvall, H., van Bahr-Lindstrom, H., Jung, K. V., Ulmer, W. &
Froschl, M. (1984) FEBS Lert. 165, 190 —196.

Hanukoglu, I. & Gutfinger, T. (1989) Eur. J. Biochem. 180, 479 —
484.

Scrutton, N. S., Berry, A. & Perham, R. N. (1990) Nature ( Lond. )
343, 38 —42.

Argos, P. & Lebermann, R. (1985) Eur. J. Biochem. 152, 651 —
656.

Joh, T., Takeshima, H., Tsuzuki, T., Shimada, K., Tanase, S. &
Morino, Y. (1987) Biochemistry 26, 2515—2520.

Appendix 1. 4 sample of sequence segments, detected by a search for NAD-binding sites

The symbols are the same as in Fig. 6. All sequence segments, detected with up to two mismatches are shown. Dinucleotide-binding motifs
containing three mismatches are also shown. Other proteins that do not have nucleotide-binding sites were also found with three mismatches.
(1) Enzyme related to benzene degradation. The existence of a NAD-binding site is probable. (2) Cytosolic malate dehydrogenase of pig [38]
was included to support the hypothesis of the variable loop 2 length. (3) Threonine dehydrates may have a different fold. (4) and (5) Tryptophan
2-monooxygenase were also found with the FAD pattern (Fig. 4). A nucleotide-binding site is probable, because the pathway is cofactor
dependent. (7) Contact site A protein precursor is unlikely to have a nucleotide-binding site as it is localised on the surface of cell membranes.
(6), (8), (9) and (10) Pentafunctional aromatic polypeptide (it has at least one ATP-binding site), a-amylase inhibitor, sporulation protein and
hypothetical protein 21K may indeed have a hitherto undescribed nucleotide-binding site

code protein (broad class) pos mis [ aB ] [ bA 1 {f bB 3 nucl
ADH$ARATH = alcohol dehydrogenase 197 o S-VAIFBL-GAVELGAAEGARIAGA————————! SRI1IGVD NAD
ADHEDROMA = T 8 o NVIFVABL-GGIGLDTSKELVKRDL ———————— KNLVILD NAD
ADHSDROME = H B o NVIFVAGL~G6IGLDTSKELLKRDL ~~—=~—— KNLVILD NAD
ADH$DROOR = : 8 o NVIFVABL-GGIGLDTSKELVKRDL ~=~m—m——=| KNLVILD NAD
ADH$DROPS = H 6 ° NVVFVABL~GGIBLDTSRELVKRNL ———————— KNLVILD NAD
ADHSDROSI = 3 8 o NVIFVAGL-GGIGLDTSKELLKRDL~———~——~ KNLVILD NAD
ADH$SCHPO = 175 o W-ICIPGAGEGLBHLAVRYAKAMAM————————— RVVAID NAD
ADH1$DROMU = : & o NIIFVABL-GGIGFDTSREIVKSGP~———~—~— KNLVILD NAD
ADH1$HORVU = 197 o T-VAIFGL~GAVGLARAEGAR IAGA~==—~—=— SRIIGVD NAD
ADHL$MAIZE = 197 o T-VAVFBL~BAVELAAAREGAR IAGA— == ———~= SRI1IGVD NAD
ADH1$SYEAST = 172 o W-VAISGAAGELGSLAVOYAKAMGY ————————— RVLGID NAD
ADH2$DROMU = 3 ) o NIIFVABL-GBIGFDTSREIVKSGP——————~~ KNLVILD NAD
ADH2$MAIZE = 197 o] T-VAIFBL~GAVELAAMEBARLAGA——————=~~ SRIIGYD NAD
ADHISYEAST = 200 o] W-VAISGAAGGELGSLAVAYATAMBY =~ —~==——| RVLBID NAD
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ADHASHUMAN

ADHASMOUSE

ADHBSHUMAN

ADHES$HORSE

ADHGSHUMAN

ADHP$HUMAN

ADHS$HORSE

BEN4ASPSEPU

ECHS$RAT

G3P$BACST

G3IP$CAEEL

G3P$CHICK

G3P$ECOLI

G3P$RAT

B3IP$THEAQ

G3P1$DROME

G3P2$DROME

G3P2$HUMAN

G3P2$YEAST

G3PC$SMAIZE

G3PC$SINAL

BALX$SACCA

LDH$BACME

LDH$BACST

LDH$THECA

LDHH$CHICK

LDHH$HUMAN

LDHHS$PIG

LDHM$HUMAN

LDHM$MOUSE

LDHM$PIG

LDHM$RAT

LDHMSSQUAC

LDHX$HUMAN

LDHX$MOUSE

MDHMSMOUSE

MDHM$P1G

MDHM$RAT

PNTASECOLI

ADH1$ASPNI

ADHZ$YEAST

ADH3I$ASPN T

DAPBSECOLI

DHNOS$AGRT7

DHSO$SHEEP

n

0

[

1

benzene degradation system

enoyl-CoA hydrolase

glyceraldehyde-3-P dehydrogenase

UDP~glucose epimerase

lactate dehydrogenase

malate dehydrogenase

pyridine transhydrogenase

alcohol dehydrogenase

dihydrodipicalinare reductase

nopaline dehydrogenase

sorbitol dehydrogenase

i94

194

194

194

200

3

12

11

21

22

22

21

21

21

22

22

21

21

26

173

173

T~CAVFBL-GBVGLSAIMGCKAAGA———————= ARITAVD
T-CAVFGL-GGVGLSVI IGCKAABA——————~— ARIIAVD
T-CAVFGL-GGVELSAVMECKAAGA~ ——=——==~i ARTTIAVD
T-CAVFGL-GBVGLSVIMBCKAAGA———————— ARI1GVD
T-CAVFBL-GBVELSVVMGCKAAGA =~ ————== ARIIAVD
T-CAVFGL-GGYBLSAVMBCKARGA -~ —————! SRIIGID
T-CAVFBL-GBEVGLSY IMGCKAAGA—— -=AR1IGVD
R-LLIVGG-GLIGCEVATTARKLBL ~~~—==~——~ SVTILE
S-VBVLGL-BTMBRGIAISFARVG] =~~~ ———~—~! SVVAVE
K-VGINGF-BRIGRNVFRAAL KNPD——~———— IEVVAVND
N-VGINGF-GRIGRLVLRAAVEKDT——~———-' VAYVAVND
K-VGVUNGF -GRIGRLVTRAAVLSGK-————~—' VOVVAIND
K-VBINGF~GRIGRIVFRAAGKRSD—————~— IEIVAIND
K-VBVNGF-GRIGRLVTRAAFSCDK-~ ~==YDIVAIND
K-VGINGF-BGRIBGRAVFRILHSRBY————~=-—-1 EVALIND
K—IGINGF-GRIGRLVL.RAAIDKGA— ~SVVAVND
K-1GINGF-GRIGRLVLRAAIDKGA—— ==l NVYVAVND
K~VGVYNGF -6RIGRLVTRAAFNSGK— —=~VDIVAIND
R-VAINGF-GRIGRLVMRIALSRPN=~—=-—=! VEVVALND
K-IGINGF-GRIGRLVARVALQSED~~—~——- VELVAVND
K-IGINGF-GRIGRLVARVILGRND——————- VELVAVND
KIVLVTGGAGY IGSHTVYVEL IENGY ———~~—~—— DCVYVAD
K-VAVIGT-GFVGSSYAF SMYNAG [ ~=—~——= ANELVLID
R-VVUVIGA-GFVGASYVFALMNGG [ - —————=| ADEIVLID
K-VBIVGS-GMVGSATAYALALL BYV———=———| AREVVLVD
K-ITVWWEV-6QVGMACA TS ILGKGL—~————— CDELALVD
K~ ITVWGV-GAVBMACAISILEKSL~ ~ADELALVD
K=ITVVBV-GAVEMACAISILGKSL ~—— =~~~ TDELALVD
K-ITVVGEY-GAVGMACAISILMKDL——————— ADELALVD
K-ITUVGY-GAVEMACA IS ILMKDL - ——~—— = ADELALVD
K-ITVVEY-GAVEBMACATS ILMKEL ——————— ADEIALVD
K—ITVWGEV-GAVGMACAISILMKDL—~—————i ADELALVD
K-ITVVEV-GAVGMACAISILMKDL——~——~— ADEVALVD
K—-ITIVGT-BAVGMACAISILL KDL~ ~ADELALVD
K=ITYVGY-BNVGMACAISILLKGL—————=~ ADELALVD
K-VAVI.BASGEI GOPLSLLLKNSPL— ——VSRLTLYD
K-VAVLGASGE I GAPLSLLLKNSPL ~——~——— VSRLTLYD
K-VAVL GASGE I GAPLSLLLKNSP ~——e—— ! VSRLTLYD
K-VMVIBGA-GVAGLAAIGAANSLGA——~—~=~== IVRAFD
T-VAIVBAGGELESLAQAYAKAMG ] —————~———| RVVAVD
W~-aAISGANGELGSLAVRYAKAMGY ~~—~—————| RVLGID
T-VAIVGAGGGELESLAqRYAKAMBL —=~ ~w e ——| RTIALD
R-VAL QL IGAALALEg VAQLBAALE
T-VGVLGS~GHAGTALAAWFASRhY—~—————| PTALWAPAD

K-VLVCBA-GP IGLVNLLAAKAMBA—— ——AGVWWTD

NAD

NAD

NAD

NAD

(NAD?)

NAD

NAD

NAD

NAD

NAD

NAD

NAD(P)

NAD

NAD

NAD

NAD(P)

NAD(P)

NAD
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GIP$HOMAM

GIPSPIG

G3P$ZYGRO

G3P1$HUMAN

G3P3$YEAST

B3IPASTOBAC

G3PB$TOBAC

GPDASDROVI

GPDASRABIT

HCDH$PIG

LDHS$LACCA

LDHM$CHICK

MDH$ECOLI

(2)

MERASPSEAE

OXDASPIG

POD3ISPSERU

PYDI%ECOLI

SERASECOLI

TDH$ECOL I

THDH$ECOLI

TR2M$AGRT 4

TRZM$PSESY

ARD1$ASPNI

CSASDICDI

DDH$SCORGL

DHGL$BOVIN

DHGLS$CHICK

DHGL $HUMAN

DHNAS$ECOL 1

DHOMSCORGL

DHSA$BACSU

FRDASECOL I

GDHASNEUCR

GSHR$ECOL 1

1AASSTRGS

MERASNEUCR

MERASSHIFL

MERASSTAAU

PHHYS$PSEFL

PROCS$ECOLI

SPSF$BACSY

glyceraldehyde-3-P dehydrogenase 2

glycerol-3-P dehydrogenase

hydroxyacyl acid dehydrogenase

lactate dehydrogenase

malate dehydrogenase

mercuric dehydrogenase

D-amino acid oxidase

lipoamide dehydrogenase

phosphoglycerate dehydrogenase

threonine dehydrogenase

threonine dehydratase

tryptophane 2-monooxygenase

aromatic polypeptide

contact site A protein

diaminopimelate dehydrogenase

glutamate dehydrogenase

NADH dehydrogenase

homoserine dehydrogenase

succinate dehydrogenase

fumarate reductase

glutamate dehydrogenase

glutathione reductase

alpha-amylase inhibitor

mercuric reductase

p-hydroxybenzoate hydroxylase

pyrroline—carboxylate reductase

sporulation protein

59

56

17

10

21

153

166

238

40

1418

36

246

249

170

19

169

47

99

99

87

4

117

K-IGIdGF-BRIGRLVLRAALSCEA-——-———— QVVAVND
K~VGVdBF-GRIBRLVTRAAFNSGK-———-———! VDIVAIND
N-VsVNGF-GRIGRLVTRIAISRKD—-~=——— INLVAIND
K-VBVdAGF~GRIBRLYTRAAFNSGK~=~———~! VDIVAIND
R-IAINGF-GRIGRLVLRLALORKD~~—m=== IEVVAVBD
K-VAINGF -GR1GRNFLRCWHGRKD————-! SpLDVIAIND

K-VAINGF -GRIBRNFLRCWHGRKD -~ ——-~SpLDVVVYVND
N-YCIVBS-GNNGSAIAKIVGANAAAL PEFEERVTMFVYE

K-VCIVGS~-GdWBSATAK IVGENAARLALGF DPRVTMWVFE

h-VTVIGG-GLMGAGIAQVAAAT BH-———————— TWLVD
K~VILVGD-GAVBSSYAFAMVLAG I ——————— AGETgIVD
K~ 1sVVBY-GAVGMACATSILMKDL ———————, ADELTLVD
K-VAVLBAAGGIGOALALLLKTRIP-————-! SGSELSLYD

R-VLVTGAAGRIAYSLLYSIGNGSY-—FGKDOPIILVLLD

Q-VAVIBS-GEAAMAAALKAVE QGA—~——————— QVTLIE
R-LLAVIGS—GY IAAELGOMFHNLGT ———— == —| EVTLMg
R-VWIGA-GYIGLSTALC IHERy H~~~~———— SVLAPLD
T-LLIIGG-GPGBYVAAIrAGALEI-— —~PTVLVE
h-LVWWWEG-BY IGLEL GIAYRKLBA~—=————=| QUSVVE
Q-VWLGA~GPABYSAAF rCADLBL ——— ~ETVIVE
R-LLYMGG-GI IBLEMGTVYHALGS—~~—~———— QIGVVE
K-LGIIGY-GHIGTALGILAESLEM~—~——m = YVYFYD
d=-VLVSBA-GP IGIMAAAVAKHVGA-—————~— RNVWITD
RVYFVYpVEG-GGL GYAVL T KQLMF RIKVIAVE
K-VAVIGA-GI sGLVVANELLHAGY—————~———] DDVTIYE
R-VAIVBA-GIsGLVAATELLRAGY———~————| KDVWWLYE
S—aLVWWGG-GETARAAIYALHNMBY ~——~———8PIYIVgE
Y-ITITGT-GFTETPYWTIgBETCDP———~————~ VIVANE
R-VAIVGY-GNLGRSVeKL IAKGPD— —MDLVGITf
T-FAVGQGF ~GNVGLHsMRYLHRFGA—~—~————| KCVAVgE
T~-FAVRGF —GNVELHSMRYLHRF GA——~~=~=— KCVAVQE
T-FVVQRGF ~6NVGLHSMRYLHRFGA-———————| KCIAVQE

N-IAIVGG-GATGVEL SAELHNAVK--GLHSYGYKGL tNE

g~IALLGF ~GTVGTEVMRLMTEYGD--~~ELAHRIGGPLE

S-1IVVBG-GLAGLMATIKAAESEM————————— AVKLFs
d-LAIVGA-GGAGLRAATAAABANP ~~———== NAKIALIs
R-VALSGS-GNVAGYAALKL IELBA~—~————— TUVSLsD
R-VAVVGA-GY IAVELAGVINGLGA-~=~———- KThLFVr
dILTFPGY-GTrGNEVLGAVLCATD~—=~———~f GSALPVD
h-IAVI 1AAALKAVER ITLIE
h-IAVIGS-GEAAMARAL KAVERGA~ -~RVTLIE
d-LLIIGS~-GBAAFSAAIKANENGA————————— KVAMVE
G-VAI16A-GPs6LLLGALLHKAGI —————————! OnVILE
K- I1GF IGC-GNMGKAILGGL.IASBA————-—— VLPgRIWv
f-LGLIGL.SGFVELVLSAPYRIKRI ———~——= TSYLNPWE

NAD

NAD

NAaD

NAD

NAD

NAD

FAD

NADP

FAD

NAD

FAD

? (3

7 (4}

? (3

? (&)

? A7)

NADP

NAD{P}

NAD(P)

NAD(P)

(NAD?)

NAD

NADP

FAD

NADP

NAD(P)

? (8)

FAD

FAD

NAD(P)

? ()
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Appendix 1.
TYRASECOLI = prephenate dehydrogenase 9 2 RpVVIVGGEGAMGRLFeKMLTLSGY - —QURILE NAD
Y21K$ECOLI = hypothetical protein B 2 g-V11I66-GHAGTEAAMAAARMBA-—~—-~—~ QTLLLTh 7 (10
AKIHSECOL! = homoserine dehydrogenase Abe 3 e-VFVIGV-GEVGEeALLEGLKRAAS ~—~~~—~—| WLKABHID NAD
AX2HSECOLY = 3 458 3 Q~LVLFBKk~GNIGSRWLELFARERS—~—~—~ TLSArTGFE NAD
DHNASECOLI = NADH dehydrogenase 5 3 K- IVIVGG-GAGEBLEMATRLGHK 1g~~—~RKKKAKITLVD (FAD?)
GDHASECOL1 = glutamate dehydrogenase 234 3 R-VsVSB5-GNVAQGYAIEKAMEFGA~————=—~ RVITAsD NADP
GDHASYEAST = : 219 3 R-YTISG5-GNVARYAALKVIEL Bg——~—~—~~~ TYVSLsD NADP
GEHRSHUMAN = glutathione reductase 1B% 3 R-sVIVBA-BY IAVEMAGILSALGS—~—~=~=~ KTsiMIr NADP
GUAHSECOLI = IMP dehydrogenase 316 3 8-aVkVBI-GPES ICTTRIVTIGVEVP ~— -~~~ 0ITAVAD NAD
LDH$STRCR = lactate dehydrogenase 7 3 K-VILVGD-GAVESAYAILAGEHAY - ~—————- L PVSYFg NaD

Appendix 11. List of identified GTP-binding sites containing the three motifs: guanine-ribose-binding fold, magnesium-binding site and a turn
specific for guanine fixation.

The symbols are the same as in Fig. 6 or Appendix 1. For the first motif four mismatches were allowed, for both other motifs only two. The
program system PAT lists only proteins with sequence sections that match all three motifs. In the cases marked by ‘?” the existence of a
mononucleotide-binding site is not known to the authors

todes proteins (broad class) quanine ribose binding motif NMg~binding site guanine fixation nucl.
pos. m [betal { alpha ] pos. m pos. m [turn]

EFIASARTSA = elongation factor 8 0 NIVVIGHVDSGKSTTTGHLIYKCGGIDKRTIE 84 0 YYVTIIDAPGHRDFIK 150 O GVNKMDST GTP
EF1A$DRONE = B 9 O NIVWIGHVDSGKSTTTGHLIYKCGGIDKRTIE 85 0 YYVTIYDAPGHRDFIK 151 0 GYNKMDSS GTP
EF LASHUMAN = S 9 O NIVVIGHVDSGKSTTTGHLIYKCGGIDKRTIE 85 0 YYUTIIDAPGHRDFIK (%1 O GUNKMBST GTP
EF1A$RHIRA = B 9 O NVVVIGHVDSGKSYTTGHLIYKCGGIRKRTIE 85 0 YNVTVIDAPGHRDFIX 151 O AINKMDTT GTP
EFLASYEAST = i ? 0 NYVYIGHYDSGKSTTTGHLIYHCBGIRDKRTIE B 0 YOUTVIDAPBHRDFIK 351 O AUNKMDSY [t
EF1BSDROME = 3 9 0 NIVVIGHVDSGKSTYTGHLIYKCGGIDKRTIE 85 O YYVVIIDAPGHRDFIK 151 O GUNKMDST  GTP
EFTUSECOLY = 3 14 O NUGTIGHVDHGKTTLTAAITTVLAKTYGGAAR 75 O RHYAHVDCPGHADYVK 134 O FLNKCDMY — GTP
EFTUSEUGER = H 14 0 NIGTIGHVDHGKTTLTAAITMALAATGNSKAK 75 0 RHYAHVDBCPGHADYVK 134 © FLNKEDGY GTP
EFTUSMETVA = H 9 0 NVAFIGHVDAGKSTTVGRLLLDGGAIDPGLIV 85 0 YEVYIVDCPGHRDFIK 147 O AVNKMOTV GTF
EFTUSTHETH = : 14 O NUGTIGHUDHGKTTLIAALTYVAAAENPNVEY 76 O RHYSHVDEPGHADYIR 135 O FRNKVDMV GTP
BGBALSYEAST = G-protein 43 0 KLLLLGAGESGKSTVLKQLKLLHAGGFSHAER 313 O SKFXVLDAGGRRSERK X84 O FLNKIDLF oTP
GBAD$BOVIN = H 35 O KLLLLGAGESGKSTIVK@MKIIHEDGFSGEDV 195 O LRFRLFDVGGORSERK 268 O FLNKKDLF GTF
GBASSBOVIN = B 42 0 RLLLLGAGESGKSTIVKQMRILHVNGFNGEGG 217 0 UNFHMFDVGGGRDERR 290 O FLNKGDLL  GTP
GBASSHUMAN = : 42 0 RLLLLGAGESGKSTIVKRMRILHVNGFNGEGG 217 O VNFHMFDVGGORDERR 290 O FLNKQDLL GTP
GBASSMOUSE = 1] 4% O RLLLLGAGESDKSTIVKAMRILHVNGFNGDEX 200 O UNFHMFDVGGARDERR 273 O FLNKQDLL GTP
GBASSRAT = T 42 0 RLLLLOAGESGKSTIVKAMRILHVNGFNGEGG 217 0 VYNFHMFDVGGARDERR 290 O FLNKGDLL GTP
GBI1SBOVIN = : 35 0 KLLLLGAGESGKSTIVKGMKIIHEAGYSEEEC 194 O LHFKMFDVGGARSERK 267 O FLNKKOLF Gre
GBI2$HUMAN = : 35 0 KLLLLBAGESGKSTIVKOMKIIHEDGYSEEEC 195 O LHFKMFDVGGORSERK 268 O FLNKKDLF BTP
GAT2#MOUSE = 1 35 0 KLLLLGAGESGKSTIVKGMKIIHEDGYSEEEC 195 O LHFKMFDVGGARSERK 268 O FLNKKDLF 114
GBIZ2$RAT = 3 35 0 RLLLLGAGESGKSTIVKGMKITHEDGYSEEEC 195 O LHFKNMFDVGGRRSERK 248 ¢ FLNKKDLF GTP
GBIZSHUMAN = 3 35 0 KLLLLGAGESGKSTIVKOMKIIHEDGYSEDEC 194 O LYFKWFDVGGARSERK 267 0 FLNKKDLF GTP
GBI3$RAT = B 35 © KLLLLGAGESSKSTIVKOMKIIHEDGYSEDEC 194 O LYFKNMFDVGGRRSERK 247 O FLNKKDLF GTP
GBT1$BOVIN = H 31 O KLLLLGAGESGKSTIVKOMKIIHADGYSLEEC 190 O LNFRMFDVGGORSERK 263 ¢ FLNKKDVF GTP

RABISRAT = ras related oncogene products 13 O KLLLIGDSGVGKSCLLLRFADDTYTESYISTI 60 0 IKLRIWDTAGRERFRY 122 O YGNKCDLT  GTP
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RABZ2SHUMAN

RAB2$RAT

RAB4ASRAT

RALSCALJA

RASSCARAU

RASSDICDI

RASS$SCHPO

RAS1SYEAST

RAS2$DROME

RAS2$YEAST

RAS3$DROME

RASH$CHICK

RASH$HUMAN

RASHSMSY

RASHSMSVHA

RASHS$RRASY

RASK$HUMAN

RASK$MOUSE

RASKSMSVKT

RASL$HUMAN

RASL$MOUSE

RASNSHUMAN

RASNSNMOUSE

RHO$APLCA

RHEO1$HUMAN

RHD&$HUMAN

RHO? $HUMAN

SEC4$YEAST

YPTL$YEAST

EFG$ECOLI

EFTUSYEAST

GBT2$BOVIN

GSTLS$YEAST

IF2$BACST

IF2$ECOLI

LEPASECOLI

RAB3$RAT

RAS1$DROME

SUF L$YEAST

EF2$MESAU

PPCKS$RAT

PPCK$CHICK

"

"

: 16

3 57

H 64

H 22

elongatien factor 12

G~protein 35

initiation factor 286

LEPA protein 4

ras related oncogene products 24

H 5
SUF12 supressor protein 262
elongation factor 21
PEP carboxykinase 232
H 232
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KYIIIGDTGYGKSCLLLOF TDKRFGPVHDLTI

KYIIIGDTBVGKSCLLLGF TDKRFAPYHDLTM

KFLVIGNAGTGKSCLLHOF TEXKFKDDSNHTI

KVINVGSGGVGKSAL TLAFMYDEFVEDYEPTK

KLYVVGAGGYGKSAL TIBLIANHFYDEYDPTI

KLVIVGGGGYGKSALTIGLIGNHF IDEYDPTI

KLYVVGDGGYGKSALTIQL IQSHFYDEYDPTT

KIVWYGGGEGVGKSALTIAF IRSYFVDEYDPTI

KLVVVGGGGYGKSAITIRF IASYFVYTDYDPTI

KLVYVGGGGVGKSALTIGLTASHFVDEYDPTI

KIVVLGSGGYGKSALTVBFVACIFVEKYDPTI

KLVVVGAGGYGKSALT IGL TGNHF VDEYDPTI

KLVVVGAGGYGKSALTIQL IGNHFVDEYDPTL

KLVVVGAKGYGKSALTIAL IGNHFVDEYDPTI

KLYVVGARGVGKSAL TIGLIGNHFVDEYDPTI

KLYVVGARGYGKSALT IGL IGNHFVDEYDPTL

KLVVVGAGEVGKSALTIQL IONHFVDEYDPTI

KLVVYGAGGYGKSALTIBL IGNHFYDEYDPTI

KLVVWVGASGVGKSALTIGL IGNHFVDPEYDPTL

KLYVVGAGGYGKSALTIBLIGNHFVDEYDPTI

KLVVVGAGGYGKSALTIQL IANHFVDEYDPTI

KLVVYVGAGGYGKSALT 1L TONHFVDEYDPTI

KLVVVGAGGVGKSAL T IGL IGNHFVDEYDPTI

KLYIVGDGACGKTCLL IVFSKDAFPEVYVPTY

KLVIVGDGACGKTCLLIVFSKDGFPEVYVPTY

KLVVVGDGACGKTCLL IUFSKDEFPEVYVPTY

KLYIVGDBACGKTCLL IVF SKDAFPEVYVPTY

KILLIGDSGVGKSCLLVRFVEDKFNPSFITTI

KLLLIGNSGYGKSCLLLRFSDDTYTNDYISTI

NIGISAHIDAGKTTTTERILFY TGUNHKIGEY

NIGTIGHVDHGKTTLTAAI TKTLAAKGGANTL

KLLLLGAGESGKSTIVKQMKI IHRDEYSpEEC

SLIFMGHVDAGKSTMgENLLYL TGSYDRRTIE

VYT INGHVDHGKTTLLDAIRHSKVTEREASGI

vVTINGHYDHGKTSLLDYIRSTKVASKEAGGL

NFSIIAHIDHGKSTLSDRIIGICGGLSDREME

KILITGNSSVGKTSFLFRyADDSF TPAFVSTY

KLVVVGPGGYGKSALT 1AL IGNHFVDEYDPTI

SLIFMGHYDAGKSTMgGNLLYLTGSVDKRTIE

NMsYIAHVDHGKSTLTDSLVCKAGI TASARAG

9SGYGGNSLLGKKCFALRIASRLAKEEGWLAE

gSGYGENSLLGKKCFALRIASRIAKEEGWLAE

S5

55

57

62

S1

51

56

51

St

51

51

33

53

82

338

271

440

71

71

338

98

312

312
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IKLATWDTAGRESFRS

IKLQIWDTAGRESFRS

VKLQIWDTAGRERFRS

VRIDILDTAGREDYAA

CLLDILDTAGAEEYSA

CLLDILDTAGREEYSA

AVLDLLDTAGREEYSA

SILDILDTAGREEYSA

IFYLVLDTAGQEEFSA

SILDILDTAGGEEYSA

CHMLEIVNTAGTEQFTA

CLLDILOTAGAEEYSA

CLLDILDTAGAEEYSA

CLLDILDTAGREEYSA

CLLDILDTTGQEEYSA

CLLDILDTAGGEEYSA

CLLDILDTAGREEYSA

CLLDILDTAGAEEYSA

CLLDILDTTGREEYSA

CLLDILDTAGUEEYSA

CLLDILDTAGGEEYSA

CLLDILDTAGREEYSA

CLLDILDTAGGEEYSA

VELALWDTAGAEDYDR

VELALWDTAGREDYDR

VELALWDTAGREDYDR

VELALWDTAGREDYDR

VKLOLWDTAGRERFRT

VKLOIWDTAGRERFRY

HRINIIDTPGHVDFTI

RHYSHVDCPGHADY 1K

LNFRMFDVGGGRSERK

RRYTILDAPGHKMYVS

KKITFLDTPGHEAFTT

GMITFLDTPGHAAFTS

YQLNFIDTPGHVDFSY

IXLOIWDTAGRERYRT

CLLDILDTAGREEYSA

RRYTILDAPGHKMYVS

FLINLIDsSPGHVDFSS

TAUMKFDAGGNLRAIN

JAWMKFDeLGNLRAIN

14

14

349

498

386

386
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IGNKSDLE

IGNKSDLE

CGNKKDLD

VGNKSDLE

VGNKCDLP

VGNKADLD

VANKCDLE

VGNKLDLE

VBNKCDLK

VGNKSDLE

VGNKCDLE

YGNKCDLP

VGNKCDLA

VGNKCDLA

VGNKCOLA

VBNKCDLA

VGNKCDLP

UGNKCDLP

VBNKEDLP

YGNKCDLP

YGNKCDLP

VGNKCDLP

YGNKCDLP

VUGNKKDLR

VGNKKDLR

VANKKDLR

VGNKKDLR

VGNKSDME

VGNKEDLK

FYNKMDRM

FUNKVDTI

FLNKKDLF

VUNKMDDP

AINKMDKP

AVNKIDKP

VLNKIDLP

VGNKCDME

AGNKCDLA

VYUNKMDDP

MMNKMDRA

WKNKEWRP

WKNKDWTP

GTP

GTP

GTP

GTP

GTP

GTP

GTP

GTP

GTP

GTP

GTP

GTe

GTP

GTP

GTP

GTP

GTP

GTP

GTP

oTPR

GTP

GYP

GTP

GTP

GTP

GTP

GTP

GTP

GTP

GTP

6Te
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Appendix I1.

ERASECOLI

POLGSWNY

ITAVSHUMAN

NIFH$METVO

POLGSENNTY

TALASMPOVS

TALASPOVRA

ERA gene product

polyprotein

vitronectin receptor

nitrogenase

polyprotein

large T antigen

1407

912

1307

570

568
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FIAIVGRPNVGKSTLLNKLLGAKISITSRKAG

gLMFAAFVISGKSTAMWIeRTADITWESDAET

iVCqVGRLDRGKSAILYVKSLLWTeTFMNKEN

KFCIyGKGGIGKSTnVGNMAAALARDGKKILY

VWL TSGIT GROS

NILFrGpVNSGKTgLAAAL ISLLGGKSLNINC

NILF rGpVNSGKTgLAAAL ISLLGGKSLNINC

56

1794

617

615

~

YQAIYVDTPGIhNESK

GAVTL sNFRGKYMMTY

C@pIeFDATGNRDYAK

TAVDMLDrLGvYDGLK

GSaIICNUNGKKAVYg

FUVCFeDVKGAIALNK

FUVCFeDVKGAIALNK

122

71

1713

938

234

244

473

2203

629

627

-

-

AVNKYDNY

GUNKQTAN

AINKRIRT

FANKENGN

TANKFrEL

YeNKKTTI

ToNKRYpY

PANKTTTF

ALNKR1GP

ALNK@leP

B6TP

ATP

{no?)

(no?)






