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We have characterized a new family of proteins (the ROK family) which 
includes six transcriptional repressors for sugar catabolic operons, three sugar 
kinases, and three unidentified open reading frames. Analyses of the aligned 
sequences and phylogenetic tree construction allow predictions regarding the 
functional nature of conserved domains and residues within these proteins as 
well as the pathway of evolutionary divergence that gave rise to the family. 
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we reported that a large family of 
including LacI, GalR and FruR is 

class of bacterial periplasmic sugar- 
(Vartak e t  al., 1991 ; Tam & Saier, 

1993a). These proteins are homologous only in their C- 
termina I ,  sugar-binding regions, and the receptor proteins 
lack the N-terminal DNA-binding domains that contain 
identifi'ible helix-turn-helix motifs (Vartak e t  al., 1991 ; 
Weickt t-t & Adhya, 1992). The periplasmic receptors, on 
the 01 her hand, possess N-terminal, hydrophobic 
targeting sequences which are lacking in the cytoplasmic 
repressors. Thus, it appears that gene splicing and fusion 
events, resulting in shuffling of protein domains, gave rise 
to thiG9 family of homologous proteins that include 
cytopl:i\mic repressors and extracellular receptors. 

A second family of evolutionarily related proteins includes 
peripla4mic receptors for aliphatic amino acids and a 
single q u e n c e d  bacterial transcriptional regulatory pro- 
tein (Tam & Saier, 1993a). The latter protein is the 
cytoplxmic AmiC repressor of the aliphatic amidase 
structural gene in Psezldomonas aeruginosa (W'ilson & Drew, 
1991). I s  for the large family of sugar-binding proteins 
noted ;tbove, the homologous domains of the aliphatic- 
amino ncid-binding proteins and of AmiC are the ligand- 
binding domains. AmiC presumably binds aliphatic 
aminek as inducers, and these compounds are structural 
analogues of the aliphatic amino acids. 

Gram positive bacteria including BacillZls subtilis, Staply- 
lococcz~~ -yy/osus and Lactobacillzls pentosus can utilize D- 

xylose via an inducible process which feeds directly into 

the pentose phosphate pathway (Kreuzer e t  d., 1989; 
Lokman e t  al., 1991; Sizemore e t  al., 1991). The 
inducibility of the enzymes involved is controlled by 
repressor proteins, designated XylR, that have recently 
been shown to be homologous to a glucokinase from 
Streptomyes coelicolor (Angell e t  al., 1992). The report of 
Angell e t  al. (1992) led us to consider the possibility that 
a third family of repressor proteins had co-evolved by 
common descent with non-DNA-binding proteins, in this 
case with a family of sugar kinases, via a pathway 
involving domain shuffling. We have analysed this family 
of proteins, identified all current protein members and 
constructed a phylogenetic tree. The family contains three 
major groups of proteins. The first group includes DNA- 
binding proteins that also bind sugars (xylose or  N- 
acetylglucosamine). The second group includes sugar 
kinases specific for fructose and glucose, and the third 
group consists of three functionally uncharacterized 
ORFs. All of these proteins are of bacterial origin. 
Multiple alignments revealing the regions of conservation 
and strongly conserved residues are presented. These 
analyses represent the first step in the structural and 
functional characterization of this novel family of 
proteins. 

RESULTS 

Table 1 presents a list of the proteins which proved to be 
homologous to XylR of B. subtilis. We designate this 
family the ROI< (repressor, ORF, kinase) family. It 
includes seven sequenced xylose repressors (XylR ; 
Kreuzer e t  al., 1989; Sizemore e t  al., 1991 ; Lokman e t  a/., 
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Table 1. Proteins included in the ROK family 

Abbreviation Biological source Gene No. of GenBank References 
residues accession no. 

S y lR( BsuI)* 
X y 1 R( Bs u I I) 
XylR(Tba) 
NagC( Eco) 
XylR(Sxy) 
X ylR(Lpe) 

Fr u I< (Zmo) 
Sc r I< (Sniu) 
Orf309( Eco) 
0 rf260 ( Eco) 
Orfl82(Cpe) 

G lc I< (Sco) 

Bacilfus subtilis 
Bacillus subtilis 
Thermophilic bacterium 
Escbericbia coli 
Stap/yiococcus xylosus 
Lactobacilftls pentostls 
Streptonzyces coelicolor 
<ymomonas mobiiis 
Streptococcus mutans 
Escbericbia coli 
Escbericbia coli 
Clostridium perfringens 

3 84 
384 
399 
406 
383 
388 
317 
301 
293 
309 
260 (frqment) 
182 (friigment) 

M27248 
A00033 
L18965 
M 19284 
x57599 
M57384 
S26208 
M97296 
D13175 
Ecouw89-131 t 
M64780 
M81878 

Kreuzer et ai. (1 989) 
S .  Hastrup, unpublished 
P. P. Dwivedi and others, unpublished 
Plumbridge (1 989) 
Sizemore e t  a/. (1991) 
Lokman e t  a/. (1991) 
Angel1 e t  a/. (1992) 
Zembrzuski e t  a/. (1992) 
Sato e t  a/. (1993) 
Blattner e t  a/. (1993) 
Reeder & Schleif (1991) 
B. Carnard and others, unpublished 

* Two additional xylose repressors, from Bacillus megaterium and Bacilitls licbentformis (Rygus e t  al., 1991 ; Scheler et a/., 1991) have been 
sequenced, but are not in the database. They exhibit 70 YO and 49 YO identity, respectively, to XylR(Bsu1). 
t Genpept accession number. 

Table 2. Percentage identity values and comparison scores for members of the ROK family 
. . , , , . , , , , . . , . , . , , , , , . . . , . . . . . , , . . . . . . . , . . , . , . . . . . . . . , . . , , . , . . , , , . . . , , , , , . , , . . , , . . . , , . . , . . . . , . . . , , , . . , . . . . , . . . , , . . , , . . , . . . . , , , , , , , . , , . , , , , , . , . . . , . . . . . , . , . . . . . . . . , . . , . . . . , . . . . , , . , . . , . , . . . , . , , , . , , , , , . . . . , , . . , , , , , , . . . , . . , . . . . . . . . . . . . . . . , . . . . 

Values in parentheses, below the designation of the protein, refer to the number of residues in the intact protein. Values presented in the 
table that are not in square brackets or parentheses represent percentage identity for segments having the number of compared residues 
indicated in parentheses. The FASTA program, using the dipeptide mode (ktup = 2) (Pearson & Lipman, 1988), was used to assess 
similarities of the indicated proteins. Comparison scores in standard deviations, using the RDF2 program (Pearson & Lipman, 1988), and 
150 shuffles, are given in square brackets below the values for percent identity. 

XylR(BsuI1) XylR(Lpe) XylR(Sxy) XylR(Tba) NagC(Eco) ScrK(Smu) FruK(2mo) Glck(Sco) Orf309(Eco) Od260(Eco) Orfl82(Cpe) 
(384) (388) (383) (399) (406) (293) (301) (317) (309) (260) (‘82) 

XylR(Bsu1) 93 (384) 30 (388) 31 (383) 39 (395) 26 (394) 21 (293) 22 (288) 34 (209) 22 (310) 25 (215) 21 (169) I (384) (1451 1:: P I  1651 ~ 3 1  143) 1151 [I81 I401 P O I  ~ 5 1  [101 

XylR(Bsu11) 28 (380) 29 (381) 38 (393) 25 (394) 20 (293) 22 (284) 33 (209) 21 (310) 25 (215) 21 (169) 
(384) [381 [601 [201 [18l [421 ~191 [171 19 I 

SylR(Lpe) 37 (374) 31 (240) 21 (782) 24 (34) 16 (209) 27 (161) 19 (64) 17 (71) 23 (133) 

(388) [22] [ -0.51 [71 ~ 3 1  10.51 171 

12 (26) 23 (162) 23 (103)‘ 16 (239) 27 (124) 

(383) [2:!1 [@GI [-I1 ~ 1 5 1  PI [91 [61 

26 (394) 27 (168) 28 (115) 32 (317) 19 (287) 29 (216) 23 (92) 

1111 1101 [431 1211 [181 PI 

26 (180) 27 (187) 24 (314) 23 (231) 24 (227) 14 (97) 

PI [I21 1221 [201 [201 l o l l  

ScrK(Smu) 
(293) 

40 (293) 25 (206) 22 (251) 27 (33) 26 ( 130) 

1571 ~ 7 1  [ I l l  [31 [101 

28 (189) 21 (259) 22 (125) 26 (174) 

1171 [GI [GI ~ 5 1  

GlcK(Sc0) 25 (262) 25 (259) 36 (470) 

[161 “01 191 

Ort-309( Eco) 26 (235) 26 (154) 

(309) 1131 1111 

20 (94) 

PI 



The ROK phylogenetic family of proteins 
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Fig. 1. Average similarity profile of protein members of the 
ROK family. The average similarity was calculated using a 
sliding window of 20 amino acids. The average similarity across 
the entire alignment i s  shown as a dashed line. Conserved 
regions of high similarity are indicated ( 1 4 ) .  
~- 

1991 ; S. Hastrup, GenBank A00033, patent, unpublished; 
Dwivecii i i f  al., GenBank L18965, unpublished; see also 
the footnole to Table l), all from Gram-positive bacteria, 
and the N-acetylglucosamine repressor (NagC) of 
Escberziliici col i  (Plumbridge, 1989). All of these proteins 
are about 400 (383-406) amino acids in length. The three 
homolcjgous sugar kinases include a glucokinase of 
5'treptom~w.r coelicolor (Angell e t  al., 1992), a fructokinase of 
2ymoniotia.r mobilis (Zembrzuski e t  al., 1992), and a 
fructok inase encoded within the sucrose regulon of 
SfreptorocL-zi.r mzttans (Sato e t  al., 1993; Table 1). These 
three kinases are of about 300 (293-317) residues. Finally, 
the ROK family includes three ORFs of unknown 
function. One of these, from the E. co l i  89-93 min 
genomic region (Blattner ef a/., 1993), is of the same size 
as the \ugar kinases. The other two ORFs represent 
partial equences. One is encoded downstream of the araJ 
gene o f  I : .  coli, possibly as part of the ara regulon (Reeder 
& Schleif, 1991), whereas the other is distantly linked to 
the na<<t--I gene coding for a hyaluronidase of Clustridiztm 
perfriqms (Carnard e t  al., GenBank M81878, unpub- 
lished:. 

Table 2 presents the binary percentage identity and RDF2 
comp:it-tcon scores for most of the sequenced protein 
members of the ROK family. The high comparison scores 
obtained when the sequences of the six analysed repressor 
protein5 are compared (3 22 SD) establish that they are 
homologous. Similarly, the three kinases [FruI<(Zmo), 
GlcK Sco) and ScrI<(Smu)] are clearly homologous 
(comparison scores of 3 17 SD). Finally, the three un- 
identified ORFs, Orf309(Eco), Orf260(Eco) and 
Orfl82( Cpe), are homologous with each other (com- 
paris( $11 scores of 8-1 3 SD). Representative intercluster 
compirison scores (> 20 SD) establish that these three 
g r o u p  of proteins, the repressors, the kinases and the 
ORF,,, are all homologous. 

A multiple alignment of these sequences revealed that the 
reprecsors all possess N-terminal extensions of about 80 
residues that are lacking in the kinases and the functionally 

uncharacterized ORFs. An average similarity plot for all 
members of the family is shown in Fig. 1. The N-terminal 
80 residue regions gave low average similarity values 
since they are not present in the kinases and the 
functionally uncharacterized ORFs. However, the ad- 
jacent regions (alignment positions 140-420 in Fig. 2) 
show striking sequence similarity. Six peaks of sequence 
conservation are displayed in Fig. 1 (I-VI). The multiple 
alignment and the consensus sequence of the twelve 
proteins is presented in Fig. 2. Three residues at distant 
positions, the glutamyl residue at alignment position 162, 
the prolyl residue at position 261 , and the glycyl residue at 
position 319, are fully conserved (see asterisks below the 
consensus sequence). 

The multiple alignment shown in Fig. 2 lacks the N- 
terminal domains of the repressor proteins. A DNA- 
binding motif has been noted in this region (Iireuzer e t  al., 
1989; Dodd & Egan, 1990; Sizemore etal., 1991 ; Lokman 
e t  al., 1991 ; Scheler e t  al., 1991 ; Angell e t  a/., 1992). We 
have analysed all protein members of the ROK family for 
the presence of a helix-turn-helix (HTH) motif using the 
method of Dodd & Egan (1990). A recognizable H T H  
motif (> 2.5 SD) was identified in each of the repressor 
proteins, in equivalent positions. It is noteworthy that the 
strongly conserved residues are approximately equidistant 
throughout the H T H  sequence and its flanking regions 
(see Fig. 3). N o  recognizable H T H  motif was found in the 
other members of the family or  elsewhere within the 
repressor proteins. 

The phylogenetic tree for the 12 protein members of the 
ROK family is shown in Fig. 4. It can be seen that the six 
repressors comprise one coherent cluster while the three 
identified kinases comprise a looser cluster. ORF309( Eco) 
and the two O R F  fragments, Orf260(Eco) and 
Orfl82(Cpe), are most distant from the other members of 
the family as expected in part from the fact that only 
partial sequences are available for the latter two proteins. 

DISCUSSION 

We have characterized a novel family of proteins, which 
we have designatd the ROK family. It includes trans- 
criptional repressors with N-terminal DNA-binding 
domains (Fig. 3) and C-terminal sugar-binding domains 
(Fig. 2), as well as sugar kinases and functionally 
unidentified ORFs. The kinases are shorter than the 
repressors by about 80 residues due to the absence of the 
N-terminal DNA-binding domains. A large and diverse 
superfamily of proteins including sugar kinases, actin, 
hsp70 and specific phosphatases has been described in 
previous publications (Bork e t  d., 1992, 1993; Reizer e t  
al., 1993). Since the kinases included in the ROK family 
are likely to belong to this superfamily, our study suggests 
that transcriptional repressors are also members of this 
superfamily . 

The multiple alignments presented in Figs 2 and 3 as well 
as the similarity plot (Fig. 1) should provide a guide to 
structure-function analyses employing techniques such as 
site-specific mutagenesis, domain fusion of the individual 
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XylR (BsuI) 
XylR (BsuII 1 
XylR (Tba 1 
NagC (Eco) 
Xy1R ( SXY) 
XylR (We) 
GlcK (Sco) 
FruK (Zmo) 
ScrK (Smu) 
Orf309 (Eco) 
O r f  182 ( w e )  
Orf 260 (Eco) 

coneensus 

79 
79 
7 7  
8 5  
78  
8 3  
1 
8 
5 
5 
2 
3 

XylR (B6UI) 166 
XylR(BeuI1) 166 
X y l R ( T b a )  166  
NagC ( Eco) 17 3 
XylR(Sxy) 1 7 3  
X y l R  (Lpe) 178 
GlcK(Bco) 8 3  
FruK(Zmo) 9 3  
ScrK(Smu) 87 
O r f  309 (Eco) 93 
O r f l 8 2  (Clp) 67 
O r f  260 (Eco) 86 

consensue 

XylR (BeuI) 
X y l R  (BeuII) 
XylR I T b a )  
N a g C  (Eco) 
XylR ( S w )  
XylR (Lpe 1 
GlcK(Sco) 
FruK (Zmo) 
ScrK ISmu) 
Orf309 (Eco) 
O r f  182 (Clp) 
Orf 260 (Eco) 

cons ensus 

XylR (BeuI) 
X~~R(BSUII) 
XylR (Tba) 
NagC (Eco) 
XylR (SXY)  
XylR (Lge) 
GlcK(Sco) 
FruK (Zmo) 
ScrK (Smu) 
Orf 309 (Eco) 
O r f  182 (Clp) 
Orf260 (Eco) 

cons eneus 

256 
256 
256 
26 3 
25 2 
255 
17 3 
17 9 
17 2 
182 

9 6  
14 0 

339 
339 
34 2 
345 
325 
328 
263 
247 
238 
249 
130  
213 

1 10 20 30 40  5 0  60  7 0  8 0  9 0  
AGYSIGIDV~DYISGILTDLEGTIIL~~~~E.S.NSPEITKDILIDMIHHFITQSPYGLIGIGICVPGLID~.Q~VFTPNSN 
A5Y~GIDVGIVDYINGILTDLEGTIVLDQ~~LE.S.NSPEITKDILIDMIHHFI~MPQSPYGFIGIGICVPGLIDKD.QKIVFTPNSN 

N F H A I G V R L G R H D A T I T L F D ~ S S ~ ~ E ~ P L P . E . R T ~ T L ~ ~ A I ~ F I D S Y Q ~ L R E L ~ S V I L P G L ~ ~ S ~ ~ I H ~ H I Q  
YGYYISMDL~DSVELMYNYFDATILKQDS~E~.D.~VSSI~IL~NI.~SEKY.~LYGL~ISISIHGI~~.QNIINLP~K 
Y ~ ~ ~ D L G Y R Q L H ~ L ~ I I D Y Q E l ~ ~ K . G . R P I E A M L D ~ R H F V Q ~ ~ V . ~ H G L L G I C F S I H G I ~ D N . Q . I V H S P W I D  
MGLTI~IOC3TKXAA(3WDEEGNI ~ ~ ~ l ~ . .  P.TTPEAIMAIAGAVEG.....ARVGHEIVAVGIGAAGWNRQRGTVYFAPNfD 
Y G . . . C I E ~ ~ F M U I L I D S D R I ( M L A V E R V P T T T P g F  
Y 5  ... S I ~ ~ ~ M ~ A V ~ D E N Q I L E ~ Q ~ ' ~ ~ ~ I E I . . F E A D L . . A G V A I C ) S ~ P I D I D Q N S ~ Y G Y I T S ~ ~ ~ A  
H N W W ~ ~ ~ I R F C L R T A E G E T L H C E ~ ~ T ~ . . I A P G L V S G I G E M I D E Q L R R F N A R C H O L V M G F P A L V S K D K  
SRIIWGE(LLG~THS~LTIGTG........ ....... . I G G A L I . . I M 3 K V I . . L H G F S N S ~ E . 1 G ~ . G E N . . .  
TLVDMAEQATQQRGTVGMGIP . GSISPY . . . . W .  . K N A N S T W L N O Q P F D K D L S ~ Q R M R t A N D A N C L A V G ~ ~ ~ G ~ A  

VGLIIQIDL~IHLVLTNFI~EI I ~ ~ K L G . E K Q E ~ L E S L F I I L E E A I K A A P ~ K ~ I L G ~ G I G V P GIVEKNG~TVK 

100 110 120 13  0 14 0 15 0 160  17 0 18 0 
WRDIDLKSFIQEKFNVPVFIENEANAb3AYGEKVFG~I1;YA9~STGIGI~VII"HLYRQVBGFSG~GXPIITIDFNGPKCSCGNR 
WRDIDLKSSIQEKYNVSVFIENEANA13AY~EKLFGIAAKMIDNIIWSIS~IGIGVII"HLYRG~SOFSG~GH~IDFNGPKCSC~R 
WQDVPLKRMVESRMLPWIDNE~~ALGEXCWF~GDVSHLLWBVGIQIG~IVI~EEWR(3AKQFAaEV~~IDFNDDVCSCG~ 
V ~ L V E A L E E R F K V T C ~ ~ I R S L ~ ~ ~ Y F G ~ Q D C E ~ I L ~ ~ R G ~ ~ I I ~ G R I F I ~ ~ ~ G E ~ ~ ~ ~ Q V E F L G E R C H C ~ F  
N E K R T F T D E L K S F T N V P W I E ~ L ~ ~ Y E ~ ~ L Y I K Y  
MHDIDIVKQF~FDVPVILE"LSAIYEHDFNAL3LDYRNBITLSIHRGIO~IILDKHLPR~KQGE~I3V5R.SLTLL5PNTFQQ.. 
WRQEPLKEKVEARV(ILPVWENDANAAAWGE~KFQ~~~ICITLG~~III~N~QHFGVAAFFGHIRMVPM3LLCGCCfGQ 
W P N T D W T P F K E A F Q C P V E I D ~ ~ r J ~ ~ K G ~ ~ ~ G ~ F G ~ ~ I ~ ~ P I ~ G ~ . . H P I E M G H G I P I R H P D D , . R D F E  
NVD..FVGLI8KDFKIPFYFTTDVNSSAYC)E~I..ARSNVKSLVYYTIGMIGA~GEFI~~..HT~HVYMAPHPMWHHGFV 
ADLYDLADKLENTLNCPVEFSRDVNL . QLsWDVWNRLTQQLVLAAY ~ ~ ~ F A V W M N Q ~ ~ ~ L ~ H I P L O D M T Q H P  .......................~. ~ ~ ~ V E P S ~ I ~ R ~ ~ ~ . . . . . . . . . . . .  ............ ~DL~............. 
V I I . ~ M ~ V ~ .  ......... N G ~ I G C  ~.~TA~E~~PLP......................~~ELR~~..FCYC(3K~ 

19 0 200 210 220 230 28 0 25 0 26 0 27 0 
5CWELYAsEKALL. .. KsLq?IKEKKVSYQD. .,............. I I D L ~ ~ I ~ ~ ~ ~ F G ~ I L I I f f L ~ I ~ ~ Q ~ I L ~ S I  
~CWELYAsEKALL ... KsLQTKEKKLSYQD ............... I I N L A H ~ D I ~ ~ ~ ~ ~ ~ ~ I G L ~ I ~ P ~ A V ~ ~ S I  
~ C L E N F ~ E R A L L S L I K T S G ~ D E Y I ~ ~ Y . . . . I I Q S ~ ~ R V ~ ~ ~ I ~ ~ I G I ~ ~ I ~ D T W I ~ ~  
G C L E T ~ ~ E Q R ~ N L L K O a Y Q G R V P L D ~ C T I  ~ . . . . . . . .  I C ~ K Q ~ ~ ~ ~ E ~ G ~ ~ ~ I ~ N L ~ P ~ K I V I ~ E I  
YKIsDICSQDALXQKINN.R.G~LT~E ............... L I Q ~ E ~ N S I V ~ E I K Q F I N ~ L I ~ L ~ Q F ~ D ~ Y I N C P L  
.~ESICSEsAIIMzvKRI~.D~~RQT...............WQLYQQHDR~~~LSQSCSVIAGLI~LNPD~FI~SEL 
G C W E Q Y A S a R P E ~ L L ~ G D G T P ~ ~ E G ~ ~ S V ~ Q G C P V A ~ ~ Y ~ ~ W ~ ~ ~ ~ L F D P S ~ I V ~ L  
GC..CPYHGGCY..EGLAGGT~~WG........ -......... ~ N ~ P ~ F E ~ E ~ ~ ~ ~ ~ ~ I S P ~ I V F G ~ V  
QT..CPFHK(fCL .. EG~QPSL~Ta..... ............ IR~ELIEQN. . . S ~ ~ ~ Q A ~ I ~ ~ Q A ~ L Y ~ Q V I V F G ~ V  
GCLETNCSGMAL..RRWYEQQP RNYPL.... ........... ~ L F ~ N ~ ~ Q ~ L L . . . . . ~ ~ T S I N L F D P ~ A V ~ ~ ~  
.C~E..................................................VEKL~.-...~~GISNI~L~~~~~I 
GCIETFISGMF. ...... AMDYRRLSQHALK(I.. ........ SEIIIZLVEESDPVAeLALRELRLAI(SLAHVVN1LDPDV~~~M 

280 290 300 3 10 320 330 
I E S H P M V L N S I R S E V S S . . R V Y P Q L ( 3 N g Y . E L L P S G L O K  384 
IESH~LNSMRSEVSS..RVYSQ~NSY.ELLPSSILIQNAP.ALGM§SIVIDHFLDMITM 384 
SFMC)DLFLEELRRIVYK..WITQYHHV.RVEVSKLKDWAC!.VLGCVWISDMLAFPDYV 399 
TEAT;)KVLLPAIESCINT..QALKAFRTNL.PWRSELDHRSA..IGAFALVKRAMLNGXLLQHLLEN 406 
INELPNILNEIKEQF.. . ~ S C F S Q ~ G S P I ~ Q L H L ~ K Q A T ~ L L G G T L I A I M Q K ~ " I ~ I Q ~ I K  383 
LAETPELLODIQDNY .... RDIAQ.D.QL.PITLTKNTQFAT.SLGK3CSLITH~aMVDYLQFKEAD 388 
SDGaDLVLDPIWYKR- .WLVUUNWRPVAWIA?QLQNorrKPa.LVGAADWPDPIM 3 17 
MHVWM LASVRRQTAEXANSYFEGADFEKI IVLPGLGDQW . IYM(3AF-K 3 0 1  
MAQEHM . LNRVREKFTSLLNDY L P V P W K D Y I V ' r P A V A E N C A T L Q ~ ~ ~ K I ~  29 3 
MDMPAFPRETLVAMX'QKYLRRP..LPHQVVRFIiWSGDFNG.AQGAAILAHQRFLPQFCAKAP 309 
M A . . . .  REFVFRPLIENSLRKY..LIESVY"TlEIAFAKLKN.TAI;I.MKG.P;YYNFKENF.NK 18 2 
SN..... ..VDRLYQTVQQLIKQFVFO.TI~VRKAKHGD.SSWRGA7WLWPQE 260 

.... 

Fig. 2. Multiple alignment of the 12 members of the ROK family. Numbers a t  the top of the aligned sequences denote 
the residue position in the multiple alignment. The residue number of each protein is provided a t  the beginning of each 
line. A consensus sequence (at least seven residues conserved) is shown below the multiple alignment. Residues conserved 
in all proteins are marked with asterisks. 

proteins and domain swapping between different mem- 
hers o f  the family. Thus, catalytic residues involved in 
ATP-binding and phosphoryl transfer might be expected 
to be conserved only in the kinases, while sugar-binding 

residues and structural residues involved in maintenance 
of the three-dimensional domain structures required for 
sugar binding are more likely to be conserved in the 
repressors as well as the kinases. The fact that the E. colz 

2352 



The ROI< phylogenetic family of proteins 
~~ 

. . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . , . . . . . . . . . . . . . , . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . , , . . . , . . . 

Fig. 3. Multiple alignment o f  the DNA-binding domains of six repressor proteins. Numbers at the top of the aligned 
sequences denote the residue 9osition in the multiple alignment. The residue numbers of each protein are provided at 
the beginning and at the end of each line. Identical residues are boxed, while a consensus sequence (at least four 
residues conserved) is provided below the multiple alignment. The region containing the helix-turn-helix (HTH) motif is  
stippled. 

~. ~ 

Fig. 4. Phylogenetic tree of the 12 proteins 
that comprise the ROK family. The programs 
of Feng & Doolittle (1990) were used for 
calculation of the branch lengths and 
construction of the phylogenetic tree. 
Relative evolutionary distances are given 
adjacent t o  the branches. Abbreviations are 
as listed in the legend t o  Table 1. The 
repressor and sugar kinase clusters are 
highlighted by a stippled area. 

~- .~ 

Orf309 lacks the N-terminal DNA-binding domain 
suggests that it is a sugar  kinase rather than a repressor 
protein. The finding that  Orf309(Eco) is encoded in an 
operon with genes encoding proteins homologous to 
pentose epimerase as well as a sugar  transport protein 
(unpulJlished results) supports  this suggestion. These 
predicrions should serve as a guide to future  biochemical 
analyst\ aimed at identifying the functions of these 
putatilye proteins. 

The K O K  family includes the third recognized g r o u p  of 
homologous repressor proteins which possesses ligand- 
binding domains that share a c o m m o n  origin wi th  
proteins of unrelated function. I t  is the first family whose 
members exhibit catalytic rather than receptor activity 
(Tam & Saier, 1993a). I t  is relevant t o  note, however ,  that 
one of the bacterial periplasmic receptor families includes 
a catali~tic protein (Tam & Saier, 1993b). O u r  observation 
that transcriptional regulatory proteins and enzymes share 
a c o m m o n  origin is in accordance with an early prediction 
(Saier & Jacobson, 1984) as well as current  concepts of 
the modular  origin of proteins (Doolittle & Bork, 1993;  
Saier, 1994). 
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