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Abstract 

The  primary  structure of bovine liver UDP-glucose dehydrogenase (UDPGDH), a hexameric, NAD+-linked en- 
zyme, has been determined at  the protein level. The 52-kDa subunits are composed of 468 amino acid residues, 
with a free N-terminus and a Ser/Asn microheterogeneity at  one position.  The sequence shares 29.6% positional 
identity with GDP-mannose dehydrogenase from Pseudomonas, confirming a similarity earlier noted between ac- 
tive site peptides. This degree of similarity is comparable to the 31.1% identity vs. the UDPGDH  from type  A 
Streptococcus. Database searching also revealed similarities to a  hypothetical sequence from Salmonella typhi- 
murium and  to “UDP-N-acetyl-mannosaminuronic acid dehydrogenase” from Escherichia coli. Pairwise identi- 
ties between bovine UDPGDH  and each of these sequences were all in the range of -26-34%. Multiple alignment 
of all 5 sequences indicates common ancestry for these 4-electron-transferring enzymes. There are 27 strictly con- 
served residues, including a cysteine residue at position 275, earlier identified by chemical modification as the ex- 
pected catalytic residue of the second half-reaction (conversion of UDP-aldehydoglucose to UDP-glucuronic acid), 
and 2 lysine residues, at positions 219 and 338, one of  which may be the expected catalytic residue for  the first 
half-reaction (conversion of UDP-glucose to UDP-aldehydoglucose). A GXGXXG  pattern characteristic of the 
coenzyme-binding fold is found at positions 11-16,  close to the N-terminus as with “short-chain” alcohol dehydrog- 
enases. Because the enzyme combines functionalities of alcohol and aldehyde  dehydrogenases, it  was also of in- 
terest to search specifically for other sequence similarities to either of these 2 enzymes, as well as to histidinol 
dehydrogenase,  another 4-electron-transferring dehydrogenase,  but none were found. 

Keywords: alcohol  dehydrogenase; aldehyde dehydrogenase; amino acid sequence; GDP-mannose dehydrog- 
enase;  histidinol  dehydrogenase;  protein  evolution;  protein  family;  UDP-glucose  dehydrogenase;  UDP-N- 
acetylmannosamine dehydrogenase 

UDP-glucose dehydrogenase (UDPGDH, EC 1.1.1.22)  is a mem- 
ber of a small group of NAD+-linked, 4-electron-transferring 
oxidoreductases (reviewed by Feingold & Franzen, 1981) and 
converts UDP-D-glucose to UDP-D-glucuronic  acid (UDP- 
GlcA), performing 2  separate  but linked oxidations on  the sub- 
strate molecule. As such, the  product of the first  half-reaction, 
UDP-6-aldehydo-~-glucose, is the  substrate  for  the second. The 
overall reaction is 

UDP-(D)-GIC + 2NAD+ + H 2 0  + UDP-(D)-G~CA 

+ 2NADH + 2H+. 

Reprint  requests  to: John  Hempel,  Department of Molecular  Genet- 
ics and Biochemistry,  University of Pittsburgh,  Pittsburgh,  Pennsylva- 
nia 15261; e-mail:  hempel@psc.edu. 

Except in plants, UDPGDH provides the only pathway for  for- 
mation of UDP-GlcA. For proteoglycans, UDP-GlcA provides 
the D-glucuronosyl and eventual D-iduronosyl moieties of hep- 
aran sulfate, dermatan sulfate, and heparin.  UDP-GlcA and 
UDP-N-acetyl glucosamine moieties are alternately incorporated 
into hyaluronic acid, as found in synovial fluid. Recently, de- 
pressed levels of UDPGDH have been observed in  cells lining 
the synovium of  rheumatoid  arthritic joints (Pitsillides et al., 
1993). UDP-GlcA is also the substrate for glucuronosylation of 
xenobiotics via UDP-glucuronosyl  transferases. 

The enzyme was first detected in bovine liver in 1954 
(Strominger et al., 1954) and was purified to homogeneity 
15 years later (Zalitis & Feingold, 1969). It is an apparent ho- 
mohexamer with  52-kDa subunits (Gainey  et al., 1972) and func- 
tions as a trimer of dimers (Franzen et al., 1980; Jaenicke et al., 
1986). However, despite such data,  and despite the availability 
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since 1981 of the sequence of  a  tryptic  peptide  containing an 
active-site cysteine residue (Franzen et al., 1981), there had been 
no reports concerning the amino acid  sequence  of this interesting 
enzyme. Primary structures for 2 other 4-electron-transferring 
dehydrogenases, GDP-mannose dehydrogenase from Pseudo- 
monas (Roychoudhury et al., 1989) and histidinol dehydrog- 
enase from a variety of sources (reviewed by Hinshelwood & 
Stoker, 1992), have become available within the past several 
years. For these reasons we undertook  determination of the 
amino acid sequence of bovine liver UDPGDH. The sequence 
of UDPGDH  from Streptococcus became available just as we 
completed our structure  (Dougherty & van de Rijn, 1993). 

Results 

The  amino acid sequence of UDPGDH as derived from over- 
lapping peptides is given in Figure 1 with sequences of all sup- 
porting peptides. From the free N-terminus, information as far 
as cycle  43  was obtained directly from  the intact protein. At the 
C-terminus, a peptide from a V8 digest, with no Glx  in  its amino 
acid composition,  ends with Lys. As well, a negative result was 
obtained on sequencing material from  an endoLys-C digest 
eluted from a  CT-isolator  membrane after coupling and anhy- 
drous trifluoroacetic acid (TFA) cleavage, a result compatible 
with a  C-terminal lysine residue. 

Peptides are referred to in the text according to the digest code 
as defined in the legend to Figure 1, followed by the position 
number of the N-terminal amino acid  of the peptide in the com- 
plete sequence. 

A Ser/Asn microheterogeneity is indicated at position 74  by 
the sequences  of various peptides encompassing this position (cf. 
Fig. 1). In the case of V8-protease peptides,  2  adjacent HPLC 
peaks were  recovered  in approximately equal yield. The sequence 
of  one  supported Ser and  the other  Asn, as indicated in the 
figure. 

In the C-terminal region we found it expedient to take advan- 
tage of 2 (acid labile) Asp-Pro linkages, at positions 367/368 
and 399/400 in the final structure,  to secure one of the final 
overlaps. Separate redigestions  of the smaller of  these fragments 
with V8 protease and endoAsp-N secured confident assignment 
of Ala-409 and Arg-441 + 442,  as indicated in Figure 1. The Ala 
assignment was particularly  problematic due  to trailing from 
Ala-407 combined with  severe apparent washout. For confirma- 
tion of this residue we coupled -20 pmol of peptide H'V8-402 
to  an arylamine-derivatized polyvinylidene difluoride (PVDF; 
Sequelon AA@, Millipore) membrane  through the carboxyls of 
Asp-405 and Glu-415. Three other peptides were similarly cou- 
pled: Ct-71, to  support  the IKEA sequence (positions 79-82); 
Ct-323, to support the DKKI  sequence at positions 328-329; and 
Tr-230, to  support identifications from  the C-terminal half of 
V8-217 and  the CEAT overlap at positions 240-243. This  lat- 
ter peptide proved particularly  difficult to isolate from C-18 
HPLC; presumably due  to its extremely acidic and hydropho- 
bic character, it eluted after all other peptides and in poor rela- 
tive yield. 

A search of the major protein databases, PIR and Swiss-Prot, 
using the FASTA program (Pearson & Lipman, 1988) revealed 
5 sequences with high similarity scores. These included Pseudo- 
monas GDP-mannose dehydrogenase (Roychoudhury et al., 
1989), Escherichia coli UDP-N-acetyl-mannosaminuronic acid 
dehydrogenase (Daniels et al., 1992; this designation is probably 

a  misnomer, referring instead to UDP-N-acetyl-mannosamine 
dehydrogenase [cf. Kawamura et al., 1979]), and a hypothetical 
sequence from Salmonella typhimuriurn (Waxin H ,  Kolyva S, 
Ecobichon C,  Popoff MY, 1992, EMBL Data Library, acces- 
sion S28489). Two other hypothetical sequences, from Salmo- 
nella cholerasuis and E. coli (Bastin DA, Stevenson G, Brown 
PK, Haase AM, Reeves PR, 1992, EMBL Data Library, acces- 
sions S31606 and S31732)  were highly similar to  the hasB (pu- 
tative UDPGDH) sequence from group A Streptococcus, accessed 
from  the original  citation  (Dougherty & van de Rijn, 1993). 

A multiple alignment of the  above sequences, excluding the 
hypothetical S. cholerasuis and E. coli sequences to maximize 
overall diversity, was generated via the GCG  Pileup  program 
(Fig. 2). Minor adjustments were introduced manually. Twenty- 
seven strictly conserved residues are observed, while pairwise 
identities ranged from 26 to 34% (Table 1). Conserved residues 
include 3 glycine residues in a  GXGXXG  pattern at positions 
11-16  in the present sequence, 3 other consensus glycine resi- 
dues  just  upstream from  the single conserved cysteine residue 
(position 275), and 2 lysine residues (positions 219 and 338). 

We used the alignment to generate a substitution matrix (pro- 
file) with which to search the databases for other  potential 
relationships (Gribskov et al., 1990), without finding any indi- 
cation of similarity to the 3 most likely candidates, namely al- 
cohol  dehydrogenases, aldehyde dehydrogenases, or histidinol 
dehydrogenases. 

Discussion 

Initially this effort was directed toward  obtaining peptides of 
low codon degeneracy  in order to design oligonucleotide probes 
to clone the cDNA for  UDPGDH. However, we soon  obtained 
about half of the structure and then  undertook  a concerted ef- 
fort  to determine  the  entire  structure at  the protein level. The 
sequence represents the first reported  primary structure of any 
eukaryotic UDPGDH  that we are aware of. 

Sequence 

The molecular weight calculated from the  monomer  structure 
as determined (52,147) agrees with the earlier estimate of  52,000 
(Gainey et al., 1972). Additionally, 12 thiol  groups per mono- 
mer, as titrated by Gainey et al. (1972), were found in the se- 
quence and amino acid values obtained  for the intact enzyme 
are in good agreement with the  integral values expected from 
the sequence (Table 2). The N-terminal sequence is also com- 
patible with patterns expected for non-N-acetylated  proteins 
with Met-I residues (Flinta et al., 1986). All peptide alignments 
are based on overlaps of 2  (cf. positions 95-96 and 338-339) or 
more residues in addition to sequence compatibility with enzy- 
matic cleavage  specificity. The sequence at the C-terminus is sup- 
ported by the C-terminal Lys of a V8 peptide and is compatible 
with the negative result from a  C-terminal  peptide  isolator kit. 

Tr-267, with the sequence ASVGFGGSCFQK, is the same 
peptide earlier identified with the catalytic cysteine residue, yet 
the present peptide sequence differs at its C-terminus from that 
reported earlier (ASVGFGGSCFZZGK; Franzen et al., 1981). 
However, allowing for contamination by glycine as frequently 
encountered with material  purified by elution from paper elec- 
trophoresis, and overzealous interpretation of the earlier amino 
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Dir M F E I K K I C C I G A G Y V G G P T C S V I A H M C P E I R V T V V D I N E S R I N  
Tr 
V8 ( M , F . E ) I K K I C C I G A g Y # V G G P T C S V I A H M C P x / I R V T V V d I N  S R I N A W N S P T L  

V T V V D I N E S R / I N A W N S P T L  

M F E I K K I C C I G A G Y V G G P T C S V I A H M C P E I R V T V V D I N E S R I N A U N S P T L  50 

Ct N S P T L  

5 
P I Y E P G L K E V V E S C R G K N L F F S T N I D D A I K E A D L V F I S V N T P T K T Y G M G K  100 

V8 P I Y E  
Tr P I Y E P G L k / E V V E S C r  N L F F S T S I D D A i K / E A D L V F I S V n t p t  T Y G M G K  

Ct P I Y E P G L K E V v e s c   * F S T N I D D A I K E A D L V   i S v N T P T K T Y  
M G K  S C R G K N L F F S T I I D d A I K   A D L V F I S V  

KP (E,V,V,E.S,C,R,G,K)d L F F S T N I D D A I k/E A D L V F I S V N T P T K/T Y G M G K 

Tr 
G R A A D L K Y I E A C A R R I V Q N S H G Y K I V T E K S T V P V R A A E S I R R I F D A N T K P  150 

A A D L K  I V Q N S H G Y K/I V T E K(S,T,V,P,V,R)A A E S I R I F D A N T K P 
V8 G R A A D L K Y I  A C A R R I V Q N S H G Y K I V T e / K S T V P V R A . A E / S I R R I F D ; A N T K P  
Ct 
Kp G R A A D L K / Y I E A C A R R  

K Y I E A C A r  

N L N L Q V S N P E F L A E G T A I K D L K N P D R V L I G G D E T P E G O R A V O A L C A V Y E H  200 
Tr N L N L Q V S N P E F L A e G t A i k / D L K N P D R / V L I G G D E T P E G Q r / A V Q A L C A V Y E H  
V8 N L N L Q V S N P E ( F , L , A , E ) G T A I K D L K N P D R V L I G G D E  G Q R A V Q A L C A V Y E / H  
Ct S N P E g   A E G T A I K D l / K N P D r   I G G D E T P e  

Tr W V P r  I L T T N T W S S E L S K / L T A N A F L A Q R * I S S I N S I S A L C E A T G A D V E E V  
V8 W V P R E ; K I L T T N T w S S E / L S K L T A N A F L A Q R I S S I N S I S A L c e / A T G A D V E e / V  

U V P R E K I L T T N T U S S E L S K L T A N A F L A Q R I S S I N S I S A L C E A T G A D V E E V  250 

Ct C E A T G A D V E E V  

A T A I G n D Q R I G N K F L K A S V G F G G S C F Q K D V L N L V Y L C E A L N L P E V A R Y U Q  300 
Tr A T A I G M D q r  
V8 A T A I G M D Q R I G N K(F,L,K) 
Ct A T a i g , m  (L,K,A,S,V,G,F) 
CB D Q R I G N K F L K A S V G F G G S C F O K D V L N L V Y l C E A  

A S V G F G G S C F Q K  
V L N L V Y L C  

Y W Q  
V A R Y W Q  

N L P E V A R Y  

KP 
~ - .. 

D V L N L V Y L C E A L N L P E V A R Y  

Tr Q V I D M N D Y Q r  
KP 

I I D S L F N T V T D K   I A I L G F A F K   E S S S I  

V8 Q V I D M N  
D T G D T R E S S S I  

Ct * N T V T D k K I A I L  
S S S I  

K K D T G D T R E S S s I  
CB 
H+ 

Q V I D M N D Y Q R R R F A S R I I D S L F N T V T D K K I A I L G F A F K K D T G D T R E S S S I  350 

N D Y Q R R R F A S R I I D S L F N T V t d K k i A I L G F A F K K d  

Y I S K Y L M D E G A H L H I Y D P K V P R E Q I V V D L S H P G V S K D D Q V A R L V T I S K D P  400 
Tr Y I S K p L M D E G A H L H I Y D P k   E Q I V V D L S H P G V S K D D Q V A  
KD Y I S K   V P R E O I V   D P  
V8 Y I S K Y L M D E / G A H L H I Y D P K V P c E Q I V V D L S h P G V S K D D Q V A R L V T I S k D P  
Ct y / I S K Y / L M D E G A h l / s I Y D P K V P x E Q  s x P G V S K D d Q V A r l p J T I S K D P  
H+ P K V P R E Q I V V D L S H P G V s k d d  P 

Tr 
Y E A C D G A H a V V I C T E U D M F K E L D Y E R I H K K M L K P A F I F D G R R V L D G L H N E  450 

E L D Y E r   M L K P A F I F D  
Y E A C D G A H a V V i c T e x d  

V L D G L H N E  
E L D Y E r I H K  3 W D M F K E  

Ct Y / E A C D G A H a V V I C T e  
CB 

K E L D Y E r I h  

H+ Y E A C D G A H a V V I C T E x D M F K E L D Y E r I h k k  
H+D D G R R V L  

R I H K K M L K P A F I F d  

L K p A F I F D G r r V L D G L H N e  

H+V8 * A C x G A H A V V I C T  

L O T I G F O I E T I G K K V S S K  (468  aa) 
Tr L Q T I G F Q I E T I G K  
V8 L Q T I G F Q I E / T I G K K V S S K  
CB L q 

Fig. 1. Diagram of peptides used  in assembly of the complete amino acid sequence of bovine liver UDP-glucose dehydrogenase. 
Peptides are placed on  different rows according to the digests they originated from: Tr, trypsin; V8, staphylococcal V8 (Glu-C) 
protease; Ct, chymotrypsin; Kp, lysine-specific (endoLys-C) protease; CB, cyanogen bromide; H+, acid cleavage in 70% for- 
mic acid (preferring Asp-Pro bonds). The completed sequence is shown in bold; periods above every  10th  residue (top) and num- 
bers to  the right of the sequence enable determination of position numbers. Residues confidently identified by Edman degradation 
are indicated by capital letters, and tentative identifications by lowercase letters. Boundaries between peptides where their se- 
quences are  contiguous in the  figure  are indicated by /. A few peptides were obtained  that  contained canonical sites of cleavage 
that  had not been cleaved, as well as a few that represented cleavage at Asp by the V8 protease. Where peptides from both cleaved 
and noncleaved sites were obtained from the same digest, residue assignments are condensed on the same line and the site is 
indicated by a semicolon. Commas between residues indicate amino acid compositions of peptides that fit  the  interpretation 
but which  were not sequenced. Peptides generated by subdigestion with a second protease  are indicated by #. The Ser/Asn mi- 
croheterogeneity at position 74 is noted by 9. Sequences obtained  after covalent coupling to Millipore arylamine membranes 
are denoted by * preceding the  N-terminal residue. 
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UDPNAMDH 
St - Hypo 
SA-UDPGDH 
GDPMDH 
BOV-UDPGDH 

UDPNAMDH 
St-Hypo 
SA-UDPGDH 
GDPMDH 
BOV-UDPGDH 

UDPNAMDH 

SA-UDPGDH 
St-Hypo 

GDPMDH 
BOV-UDPGDH 

UDPNAMDH 
St-Hypo 

GDPMDH 
SA-UDPGDH 

BOV-UDPGDH 

UDPNAMDH 
St - Hypo 
SA-UDPGDH 
GDPMDH 
BOV-UDPGDH 

UDPNAMDH 
St-Hypo 
SA-UDPGDH 
GDPMDH 
BOV-UDPGDH 

UDPNAMDH 
St-Hypo 
SA-UDPGDH 
GDPMDH 
Bov-UDPGDH 

- -VPDRW YVESAARSIAPV- - -LKKGAL%IL 
I - KECNFY 

AVLDSDVS 
A Y K ~ E L V  

PL~KASETVGTV- - -LNRGDI%Y 
HV~IKEVLSV- - - -NSHATLII 
YI’~CREIGFAIREKSERH@,W 

AIKEADLV YIEACARRIVQ- - -NSHGYKI$TE PVRAAESIRRIFDANTKPNLNL 154  

QQVGEQADVNIAY VLPGQVMVELIKNDRVIGQ T ’ 

QDF- - - - - - Y V G Y ~ I N P G D K K H R L T N I K K I T S $ T ;  l I :AQIAELIDEVYQQIISAGTY- -KAESIKV: 209 
PVCSARASELY-KIFLEGEC--WTNSRT~M 212 

- - - . . . . . . 

MEIAELIAQWHSGETLWE+ 362 
IDWKE&KY-SCKVD%FDGW 356 

Q----VQK-AFD-LITSHDTRK-------VGLL~ VELAE~IG-KGYEFRZFDRN 355  
-RKSYIAKQIINVLKEQESPVK””--WGVYRL KDVIDI$KS-KDIKII$YE& 3 5 1  

QRRRFASR-IIDSL-FNTVTDK”””KIAIL,,F IYISKY~MD-EGAHLH~YD~ 369  

IH-QLPKKLTGLWYSGAA 
VDAEEVRREYGIIPVSEVKSSHYDA-IIVAVGHQQFKQMGSEDIRGFGKDKHVLYDLKYVLPAEQSDVRL 

379 

LNKLESEDQ”SVLVNDLENFKKQANIIVTNRYDNELQDVKNKVYSRD1FGRD 
425 

VEYARVHGANKEYIESKIPHVSS---LLVSDLDEWA-SSDVLVLGNGDELFVDLVNKTPSGKKLVDLVGFMPHTTTAQA 4 3 1  
402 

VPREQIWDLSHPGVSKDDQVAR---LVTISKDPYEACDGAHAWICTEWDMFKELDYERIHKKMLKPAFIFDGRRVLDG 4 4 6  

EGICW 
LHNELQTIGFQIETIGKKVSSK 

379 
425 
402 
436 
468 

Fig. 2. Multiple alignment of bovine liver UDP-glucose dehydrogenase (Bov-UDPGDH) with GDP-mannose dehydrogenase 
from Pseudomonas (GDPMDH), UDP-glucose dehydrogenase  from  group A  streptococci (SA-UDPGDH),  UDP-N- 
acetylmannosaminuronic acid dehydrogenase from E. coli (UDPNAMDH), and a hypothetical sequence from Salmonella 
(St-Hypo). Strictly conserved residues are given  in reverse-background and identities in 4 of the 5 sequences are hashed. Pair- 
wise identities range between 26 and 34% (Table 1). 

acid analysis, these differences are readily reconciled. This seg- 
ment was also  confirmed in CB-257. 

Microheterogeneity 

At position 74, an Asn/Ser microheterogeneity was evident. Be- 
cause the 2 enzyme preparations used in this study each came 
from a single liver, and HPLC-purified peptides from each prep- 
aration variously provided unambiguous evidence for each al- 
ternative (Fig. l), 2 interpretations are possible. Either each  liver 
came from a heterozygote expressing both  “Am-74”  and “Ser- 
74” alleles, or a very recent gene duplication has occurred, lead- 
ing to expression at 2 loci, with the described microheterogeneity 
reflecting the only mutational event revealed by the protein se- 
quence. Prior  data have always suggested that  the enzyme is 
homohexameric  (Gainey et al., 1972; Franzen et al., 1980; 

Jaenicke et al., 1986). However, in the case of the second sce- 
nario, it cannot be  excluded that the functional enzyme requires 
both Asn-74 and Ser-74 subunits.  Although such a  situation 
might serve as the basis for the half-of-the-sites reactivity dis- 
played by bovine UDPGDH, Ser and Asn are of generally sim- 
ilar secondary structural  potential  (preferring reverse turns; 
Chou & Fasman, 1978), minimally requiring a single nucleotide 
base change, and substitution of  these 2 residues for  one another 
is frequently observed (Johnson & Overington, 1993). 

Relationship to other 4-electron-transferring 
dehydrogenases 

The 5 sequences compared in the multiple alignment (Fig. 2), all 
4-electron-transferring  nucleotide sugar dehydrogenases, are quite 
evenly diverged from one  another as seen from  the -30% iden- 
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Table 1. Percent pairwise identities between bovine liver UDP-glucose dehydrogenase and related sequencesa 
" .~~ 

UDPNAMDH  St-Hypo 

UDPNAMDH 100 34.3 
St-Hypo 100 
SA-UDPGDH 
GDPMDH 
Bov-UDPGDH 

a For  abbreviations, see Figure 2. 

tity between any  pair (Table 1). This suggests that all known 4- 
electron-transferringnucleotide-sugardehydrogenases, UDPGDH, 
GDP-mannose dehydrogenase, UDP-N-acetyl-glucosamine de- 
hydrogenase, and UDP-N-acetyl-mannosamine dehydrogenase, 
can be expected to share a common ancestor. In contrast, neither 
of the  other  2  NAD+-linked, 4-electron-transferring dehydrog- 
enases,  histidinol  dehydrogenase and /3-hydroxy-/3-methylglutaryl- 
CoA reductase, were identified by either pairwise database- 
searching programs such  as  FASTA (Pearson & Lipman, 1988) or 
Profile Analysis (Gribskov et al., 1990), a strategy based on  the 
multiple alignment. It is thus concluded that these enzymes are of 
independent evolutionary origin. This appears consistent with the 
recent finding that neither of the 2 conserved cysteine  residues 
among 4 histidinol dehydrogenases are catalytically important 
(Teng  et al., 1993),  in contrast to the strictly  conserved  Cys-275 of 
UDPGDH, earlier  identified as the catalytic  cysteine  residue of the 
second half-reaction (Franzen et al., 1981). 

Table 2. Amino acid composition of S-carboxymethyl 
bovine liver UDP-glucose dehydrogenase as determined 
by amino acid hydrolysis and compiled from the 
determined sequence 

Hydrolytic Derived 
values sequence 

Cys(Cm) 10.6 12 
ASX 48.2 50a 
Thr 25.3 26 
Ser 28.8 30 
Glx 46.5 45b 
Pro 18.9 18 

Ala 36.9 37 
Val 31.1 36 
Met 7.5 8 
Ile 35.3 40 
Leu 34.6 33 
T Y ~  14.5 14 
Phe 17.6 18 
His 10.4 9 

G ~ Y  29.7 29 

LY s 32.0 33 
TrP N.D.' 5 
Arg 23.2 25 

Total - 468 

aAsn = 21, Asp = 29. 
Gln = 14, Glu = 31. 
N.D. = Not  determined. 

SA-UDPGDH  GDPMDH  Bov-UDPGDH 

26.9  30.9 29.0 
26.4  26.8  25.9 

100 31.6 31.1 
100 29.6 

- 

100 
~~~ 

" . ~ ~ ~~~ 

For a number of the 27 strictly conserved residues that 
emerged from the multiple alignment, important steric and func- 
tional roles are suggested. The 2 conserved proline residues at 
positions 92 and 159 suggest the locations of fixed main-chain 
bends. Similarly, the 6 consensus glycine  residues  suggest the lo- 
cation of special main-chain bends. The GlGYvG pattern (po- 
sitions 11-16 in the present sequence) fits the  GXGXXG pattern 
frequently seen at  the coenzyme  binding site of pyridine- 
nucleotide-dependent dehydrogenases. The  other  3 consensus 
glycine  residues just precede the strictly conserved Cys-275.  Lys- 
219 and 338 are  the only consensus lysine residues. These are 
(probably coincidentally) positioned nearly equidistantly in  se- 
quence from Cys-275, and one is  likely the putative catalytic ly- 
sine of the  first  half-reaction  (oxidation of UDP-glucose to 
UDP-aldehydoglucose). 

Relationship to alcohol and aldehyde dehydrogenases 

Functionally, YDPGDH combines activities similar to alcohol 
and aldehyde dehydrogenases, and  the potential for  a structural 
relationship to one (or both) of these enzymes has long been en- 
tertained. Mechanistically, the role of the catalytic cysteine in- 
dicated by chemical modification to be involved in oxidation of 
UDP-aldehydoglucose to UDP-glucuronic acid (Franzen et al., 
1981) exactly parallels that of the catalytic cysteine of aldehyde 
dehydrogenase (reviewed by Pietruszko et al., 1993). 

Other (possibly superficial) similarities are also noted. Alde- 
hyde dehydrogenases are notably sensitive to the  dithio com- 
pounds disulfiram (diethyl dithiocarbamate, Antabuse@)  and 
dithiodipyridine  (Kitson, 1984), while bovine UDPGDH is in- 
activated by the homolog of dithiodipyridine, dithiodinicotinic 
acid (Franzen et al., 1978). These sensitivities suggest the pres- 
ence of conformationally vicinal  cysteine  residues because, with 
both enzymes, reaction with the  dithio  compound is followed 
by  slower formation of an intramolecular disulfide, evident from 
biphasic liberation of 2 equivalents of (5-carboxy) thiopyridone 
after incubation with  less than stoichiometric amounts of dithio 
compound per subunit (Franzen et al., 1978; Kitson, 1984).  Di- 
sulfiram  also induces an intramolecular disulfide (Vallari & 
Pietruszko, 1982). Further, aldehyde dehydrogenases display 
half-of-the-sites reactivity  with iodoacetamide (Pietruszko et al., 
1993),  while UDPGDH displays half-of-the-sites reactivity with 
iodoacetamide and iodoacetic acid (Franzen et al., 1976). In 
mammalian liver aldehyde dehydrogenases, Cys-302 reacts with 
iodoacetamide (Hempel et al., 1985) and disulfiram (Kitson 
et al., 1991) and is the only consensus residue among a large 
number of distantly related aldehyde dehydrogenase sequences 
(Hempel et al., 1993). 
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The first  half-reaction catalyzed by UDPGDH, oxidation of 
UDP-glucose to UDP-aldehydoglucose (which remains enzyme- 
bound as a Schiff base and subsequently a thiolester intermedi- 
ate in the mechanism proposed by Ordman & Kirkwood [1977]), 
is reminiscent of alcohol dehydrogenase insofar as  the  nature 
of the  substrate  and product  functionalities. UDPGDH is not 
known to require a metal cofactor, whereas ‘‘classical,’’ or “long- 
chain”  alcohol dehydrogenases require  a catalytic Zn atom (re- 
viewed by Jornvall et al., 1991). However, the independently 
evolved “short-chain” alcohol dehydrogenases (reviewed by 
Persson et al., 1991) are not metalloenzymes. The nature of  their 
catalytic mechanism is  yet unresolved, but it is  likely that strictly 
conserved Lys and Tyr residues are involved (Tyr-152 and, es- 
pecially, Lys-156 of 3a,20@hydroxysteroid dehydrogenase [cf. 
Ghosh et al., 19911). Further, based on conserved glycine resi- 
dues, the coenzyme-binding fold is also near the N-terminus in 
members of  this family (Persson et al., 1991). 

Thus, based on the above superficial similarities  of  coenzyme- 
binding fold location within the chain and the suggestion of cata- 
lytic  lysine  residues, speculation regarding a relationship between 
UDPGDH  and “short-chain” alcohol dehydrogenases might be 
made,  just as the thiol reagent reactivities of UDPGDH  and al- 
dehyde dehydrogenase  tempt  anticipation of a structural rela- 
tionship. However, as noted in the Results, neither relationship 
could be supported either from direct alignments or by Profile 
Analysis (Gribskov et al., 1990). The  only  observation we do 
note in this regard is that a strictly conserved Gly  is found at the 
third position N-terminal to the catalytic Cys  in both the present 
group of sequences (GGxC, Fig. 2) and  the aldehyde dehydrog- 
enase family (GqxC; Hempel et al., 1993). 

0.5% phenol, 110 “C, 20 h) and  amino acid analysis using a 
Beckman  6300 amino acid analyzer, selected peaks were submit- 
ted to sequence analysis using a Porton 2090E gas-liquid phase 
sequencer with identification of phenylthiohydantoin amino acid 
derivatives by HPLC. In  a few cases, peptides that were needed 
for exacting confirmation of certain residues were coupled to 
arylamine-derivatized PVDF membranes (Sequelon-AA@, Milli- 
pore) using 5 pL l-ethyl-3-(3-dimethylaminopropyl) carbodiim- 
ide, 10 mg/mL in 100  mM N-ethylmorpholine, pH 8.0, 20 min, 
room temperature. 

C-terminal analysis was attempted using a “CT-isolator” 
(Quality Controlled Biochemicals, Hopkinton, Massachusetts). 
The methodology of this kit takes  advantage of free a-amino 
groups on all peptides after digestion with endoLys-C and of 
C-terminal-amino groups on all except the carboxy-terminal pep- 
tide. Thus, after coupling an endoLys-C digest to a  proprietary 
(presumably  diisothiocyanate glass) membrane and treatment 
with anhydrous TFA, only the C-terminal peptide is released, and 
all other peptides remain coupled through  ephenylthiocarbamyl 
linkages. 

Similarity searches were conducted using the FASTA pro- 
gram,  and a heuristic multiple alignment was generated using 
the Pileup program, both in the  GCG (Genetics Computer 
Group, Madison, Wisconsin) package, accessed through the 
VAX front ends at the  Pittsburgh  Supercomputer  Center.  A 
multiple sequence alignment was also generated using the MSA 
program, which ran on the  Cray C90. Profile analyses (Grib- 
skov et al., 1990) based on these alignments were also run on 
the Cray. 
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Materials and methods 

UDPGDH was prepared according to Franzen et al. (1976), in- 
volving heat treatment, ion exchange, and molecular sieve chro- 
matography.  The enzyme was reduced with dithiothreitol and 
S-alkylated using iodoacetic acid, or (in later  work) Krutzsch’s 
reagent (N-diisopropyliodoacetamide) (Krutzsch & Inman, 1993; 
this reagent was synthesized as described but is  now available 
from Molecular Probes, Eugene,  Oregon). 

The alkylated protein, -900-pg aliquots, was enzymatically 
digested with either TPCK-treated  trypsin,  TLCK-treated chy- 
motrypsin  (Worthington), or the Glu-specific protease  from 
staphylococcal strain V8 (Miles), at 2% enzyme-to-substrate ra- 
tios in 0.1  M  ammonium  bicarbonate at 37 “C, 24 h, or with 
endoLys-C (Boehringer) in 25 mM Tris-HCl/l mM EDTA, 
pH 8.5, at 37 “C, 18 h. Chemical cleavage with cyanogen bro- 
mide, at - 100-fold excess over protein (w/w) was in 70% for- 
mic  acid at room temperature, 24 h. Selective  hydrolysis directed 
at Asp-Pro linkages (reviewed by Landon, 1977) took place in 
70% formic acid, 37 “C, 72-144 h. Some material resulting from 
this acid cleavage was recleaved either with endoAsp-N (Boeh- 
ringer)  in 50 mM sodium phosphate, pH 8.0, 37 “C, 18 h, or with 
the V8 protease (described above). 

The  entire 468-residue sequence was deduced from overlap- 
ping peptides. Digests were prefractionated by ion-exchange 
HPLC  on sulfoethyl aspartamide columns  (polyLC, the Nest 
Group)  as described (Alpert & Andrews, 1988). Material from 
pooled  fractions was then  separated over C-18 reversed-phase 
columns (Vydac, the Nest Group).  After hydrolysis (6 N HCI, 
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