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Bleomycin hydrolase is a cysteine protease that hydrolyzes the anticancer drug bleo- 
mycin. The homolog in yeast, Ga16, has recently been identified and found to bind DNA 
and to act as a repressor in the Gal4 regulatory system. The crystal structure of Gal6 at 
2.2 a resolution reveals a hexameric structure with a prominent central channel. The 
papain-like active sites are situated within the central channel, in a manner resembling the 
organization of active sites in the proteasome. The Gal6 channel is lined with 60 lysine 
residues from the six subunits, suggesting a role in DNA binding. The carboxyl-terminal 
arm of Gal6 extends into the active site cleft and may serve a regulatory function. Rather 
than each residing in distinct, separable domains, the protease and DNA-binding activities 
appear structurally intertwined in the hexamer, implying a coupling of these two activities. 

Bleomyc in  is a small glycometallopeptide 
produced by Streptomyces 'verticillus that is 
used as a n  anticancer drug because of its 

u 

ability to catalytically cleave double-strand- 
ed D N A  ( I  ). T h e  endogenous enzyme, 
bleomycin hydrolase (BH),  is a cysteine 
protease that detoxifies bleonlycin by hy- 
drolysis of a n  amide group (2 ) .  T h e  amounts 
of this enzyme in  the cell limit the  effec- 
tiveness of the  drug, because cancer cells - 
with increased expression of BH are resis- 
tant to drug treatment, and because tissues 
that naturally contain small amounts of BH 
(skin and lung) are especially sensitive to 
toxic side effects of bleomycin (3) .  

BH is present in mammals, birds, and 
reptiles in all tissues tested (2 ) .  Homologs of 
BH which also have peptidase activities 
have been identified in yeast ( 4 ,  5 )  and 
bacteria (6) .  T h e  yeast BH has 35 percent 
amino acid identity with the  bacterial forms 
(PepC) and 43 percent identity n i t h  the  
available partial c D N A  sequence of the  
mammalian BH (276 of -450 amino aciils), 
implying a n  evolutionarily conserved role 
from bacteria to  marn~nals for this peptidase 
activity. As in  ~namnlaliall cancer cells, 
over-expression of the  yeast BH in  yeast 
confers increased resistance to bleomycin 
(4, 5) .  

the L sde and place P ' B C h l ,  above P' n keepng 
with the natve photochemstry 
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T h e  yeast form of BH was unexpectedly 
purified as a DNA-binding protein that  
hinds to  upstream activating sequences 
(UAS,) of the  G A L  system (4 ) .  T h e  454- 
residue protein preferentially binds single- 
stranded D N A  (&-I@ 11M) over double- 
stranded (KL,-1 pM). Further, t he  
amoullts of BH nrotein in  veast BH are 
regulated by the  Gal4 regulatory protein, 
prompting the  designation of the  gene 
encoding yeast BH as GAL6 ( 4 ) .  Gal4 is a 
positive regulatory protein that  has a cen- 
tral role in the  control of gene expression 
in  the  galactose metabolism system of 
yeast. Gal4 and the  GAL genes it controls 
serve as a model system for studying eu- 
karyotic gene regillation (7) .  Gal4 regu- 
lates G.4L6 expression by binding a site in  
the  promoter of GAL6. Gal6 itself appar- 
ently negatively regulates G.4L gene ex- 
pression and when GAL6 is deleted, the  
levels of the  G A L  gene R N A  become 
three to  five tinles hieher (8). Thus,  Gal6 

u 

appears to  be part of a negative feedback 
regulatory system in  yeast, adding another 
dimension to  the  cellular roles of BH. 

T h e  BHs apparently have cellular func- 
tions that have been conserved from bacte- 
ria to  humans. Presumably these functions 
involve both proteolysis and D N A  binding. 
W e  now describe the  three-dimensional 
structure of Gal6. Unlike Inall\? b i f~~nct ional  
proteins, the  DNA-binding a n d  protease 
activities of Gal6 are illtinlatelv intertwined 
a t  both the  tertiary and quaternary structur- 
al levels n i t h  a n  organization strikingly 
analogous to  that of the  205 proteasome 
(9) .  This feature may be key to  understand- 
ing the  conserved cellular functions of this 

Fig. 1. A general system for the overproduction of protelns In yeast as applied to Ga6. The 
target gene (GALE) is under control of a Gal4 responsive promoter (GALI) and is on a (glucose) 
muticopy pasmid. Gal4 is a posltive regulatory protein that is repressed by Gal80 protein, 
which is also under Gal4 transcriptional control. A mutant form of Ga14. Ga4". is also under 
Gal4 regulation. In the absence of the Inducer, galactose, there IS no expresslon of the 
target gene or of the GAL4c gene. On nducton, the GAL6 gene IS expressed. Its expresson 
IS maxmized by overexpression of the Ga14c proteln, whch IS not subject to represson by 
Gal80 proteln and saturates the Gal6 promoter stes, In this system, a modfcat~on of earler 
ones (39, 40). the target proteln IS produced In a eukaryotc host; expresslon of the target 
proten IS completely repressed untl nducton. aowlng productlon of toxc protelns; the 
negative feedback regulaton of the Gal80 proteln (whch IS requlred to keep the system off 

Q y x  
untl nducton) IS bypassed after nducton by overproducton of the mutant Ga14" proteln. GAL4c 

When apped  to Ga16, proteln productlon saturates 4 to 6 hours after nductlon. wlth Gal6 
comprslng 5 to 10 percent of the total cellular protein (the most abundant proteln band in 
total cell extracts). The yeast straln stops growlng. presumably because of overproduct~on 
of the proten. Gal6 proteln was purlfied after lnducton by convent~onal chromatography (4) 
to more than 98 percent pur~ty. GAL80 
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~lnusual family of proteins. 
T h e  Gal6 protein was initially purified 

from wild-type yeast (4) .  However, for the  
crystallographic studies, the  protein was pu- 
rified using a yeast overproduction system 
that  produces Inore than 100 mg of purified 
protein from 10 liters of culture and has 
several attractive features (Fig. 1 ) .  Details 
of the  crystallization a ~ d  structure determi- 
nation of Gal6 a t  2.2 A resolution are pro- 
vided in  Table 1. T h e  six identical subunits 
of the  Gal6 hexarner are arranged in a ring 
with 32-point group synlmetry tbat creates 
a promillent channel of -22 A dianleter 
alone the  threefold axis (Fie. 2A).  T h e  
monomers have a papain-like polypeptide 
fold as the  core, with additional structural 
and fi~nctional modules inserted into loop 
regions (Fig. 3).  As a result, the  Gal6 mono- 
mer has a three-domain structure comnosed 
of a catalytic (protease) domain, an  oli- 
gonlerization or hook domain, and a helical 
domain (Fig. 3A) .  Elenlents of a-helical 
and p-sheet secondary structure are desig- 
nated by letters and numbers, respectively, 
increasint. consecutivelv from the amino to 
the  carboiyl terminus (Fig. 3B). Prime sym- 
bols are used in reference to  a symmetry- 
related monomer. 

Subunit structure. T h e  catalytic do- 
main forms the core of the  Gal6 subunit 
structure, with a n  overall fold similar to 
that of ~nernbers of the  papain family, in- 
cluding the  plant enzynles papaill ( l o ) ,  pa- 
paya proteillase Q (1 1 ), actinidin (1 2 ) ,  and 
calotropill (13),  and human cathepsin B 
(14) .  T h e  root mean square (rms) deviation 
of the  backbone of the residues forming the  
core (1$6 residues with 25 percent identity) 
is 1.9 A betneen Gal6 and papain, vvhich is 
cornparable to the expected deviation based 
o n  a n  empirical relation described by Cho-  
thia and Lesk (15).  T h e  structural integrity 
of the  fold is mailltailled even though Gal6 

L 3  

has n o  disulfides, in contrast to the  three or 
more disulfides present in  me~nbers of the  
~ n o ~ l o m e r i c  papal11 fam~ly.  

T h e  catalvtic d o m a ~ n  of Gal6 consists 
of two subdc;ma~ns; these are desig~lated 
the  L and R subdomains by analogy t o  
papam. T h e  actlve site cons~s t s  of residues 
fro111 both subilomains. T h e  L subdomain 
consists of the  three helices E, H, and K,  
and  part of a fourth helix F. T h e  active site 
cysteine (CYsT3) is positio~led a t  the  amino 
terrnilli~s of helix E, facing the  R subdo- 
main. T h e  first two turns of helix F super- 
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inlpose o n  the  second helix in  the  plant 
proteases and c a t h e p s ~ n  B. T h e  remaining 
four turns of helix F extend into the  heli- 
cal domain. Polypeptide insertions occur 
in  the  L subdornain a t  nositions in  t h e  
papain fold where there are significant 
differellces be tneen  pre\~iously determined 
structures of rne~nbers of this family, such 
as the  location of t h e  occluding loop in  
cathepsin B (14) .  T h e  1llai11 feature of the  
R subdornain is two high111 twisted - ,  
P-pleated sheets, which fold into a n  open 
barrel-like structure n i t h  a n  extension. 
Helix L closes t h e  barrel o n  one  side, as in  
the  other  proteases; however, unlike the  
other proteases, in  Gal6 a short P-hairpin 
(strands 8 and 9 ) ,  which is part of a six- 
stranded sheet,  closes the  other side of the  
barrel. 

T h e  carboxyl-terminal region of the 
Gal6 polypeptide chain also contributes to  

the  catalytic domain, and may have a reg- 
ulatory function. From p-strand 13, which 
is part of the  papain fold, the  polypeptide 
chain extends outvvard to  the  surface of the 
molecule, forming helix 0, and then at- 
taches back at the  edge of the  second P 
sheet n i t h  strand 14. T h e  polypeptide chain 
then heads directly tovvard the  active site of 
the  catalytic domain, occupying much of 
the  active site cleft and blocking the ap- 
proach to Cys7' in the  active site (Fig. 4 ) .  
Although the  DNA-derived protein se- 
quence, vvhich was used in the  overextxes- 
sion system, should end with a lysine resi- 
due at the  carboxyl terminus, we do not see 
any evidence for ;his lysine in the  electron 
density maps. Carboxyl-terminal sequenc- 
ing and mass spectrometry confirmed that 
this lysille is indeed absent in the  mature 
protein. Apparently the  carboxyl-terminal 
lysine is removed posttranslationally. T h e  

Table 1. Crystallographic data and statstics. Data sets from the hexagonal native and derivative crystals of 
Gal6 (28) were collected by cryocrystallographc technques at the Stanford Synchrotron Radiaton Labo- 
ratory (SSRL). The data were collected on a 300-mm MAR Research imagng plate detector system and 
Integrated and scaled wlth the use of the HKL package (29). Data from the otthorhomblc crystal were 
collected on an R-AXIS I C  Imaging plate system mounted on an RU200 rotatng anode x-ray generator 
equpped with a Molecular Structure Corporation (MSC) cooling system. These data were integrated with 
the MSC software and scaled by means of the CCP4 package (30). Each data set was collected from a 
snge  crystal. Sngle isomorphous replacement combined wlth anomalous differences (SRAS) phasesfrom 
the natve and derivative data sets of the hexagonal form were calculated with the use of PHASES (31). 
nitally with two mercury sites found by nterpretaton of difference Patterson maps. The phasing power was 
2.45 for the ~somorphous differences and 1.25 for the anomalous differences, w th  a mean fgure of merit of 
0.54 at 2.2 A resolution. Solvent flattening was ~ntially done with PHASES and contnued with Iterative 
cycles of solvent flattering and histogram matchng with SQUASH (32). A polyalanine cha r  containing 
approximately 75 percent of the resldues could be fltted Into ths  map with the program 0 (33). The electron 
densty maps were improved by averaging (34) between the hexagonal and orthorhombic crystal forms. The 
coordinate transformat~ons were established with Crowther's fast rotation function (35) and a locally written 
"brute force" translation search. The molecular envelope was deflned vla MAMA (36) and manually 
expanded at places where the electron density appeared to extend beyond the envelope. Positional 
ref~nement of the model against the derlvatlve data set was performed withox-PLOR (37) and calculated 
phases were combned with the SRAS phases with SIGMAA (30), at 2.5 A resouton. Electron densty 
maps calculated with these phases were used In an teratve process to complete the molecular model. 
More than 90 percent of the ((/I,$) angles of the model are In the most favored regions and all residues are 
In allowed regions of the Ramachandran plot (38). 

Crystal Nat~ve-P6,22 EMTS-P6,22 Nat~ve-(2222, 
Source (wavelength, A) SSRL (1 08) SSRL (1.08) RU200 (1.54) 
Resolut~on (A) 2.20 2.20 3.12 
Reflections 

Observed 1831 05 202481 68854 
Unlque 29482 31 451 31 094 

Redundancy 6.4 6.2 2.2 
Completeness (percent) 94.6 99.8 59.9 

Last shell 92.1 99.8 42.6 
'merge* 0.073 0.074 0.124 

Resolution range (A) 
Number of reflectons 
0 cutoff 
Number of atoms: 

Proteln (nonhydrogen) 
H g 
Water 
Sulfates 
Glycerol 

Refinement statistics 
10.0 to 2.2 Crystallographic R factort 0.209 

3001 8 Free R:i: factor 0.274 
None rms dev~at~ons from d e a t y  

Bonds (A) 0.008 
3584 Angles (") 1.38 

4 Dihedrals (") 21.70 
239 Impropers (") 1.18 

3 
1 

*R,,,c,,c = Z  I - (I) i ~ l ,  where 1 IS the observed ntensty and (I) is the average ntensty obtaned from symmetry related 
and multiple measurements. .i.P factor = Z F , ,  - ~ F ~ I I I ~ I F ,  summed over 90 percent of the reflect~ons 
$Free R = Z F ,  - ~ F , I I ~ Z F ,  summed over TO percenf of randomly selected reflect~ons not Included n the 
refnement. 
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bacterial forms of Gal6 show high sequence 
divergence at this position, suggesting that 
the carboxyl terminus may be removed from 
the ones that extend beyond Ala453 (6). 

The hook domain consists of two mod- 
ules attached to the core, but separated 
by 290 amino acids (Fig. 3). The first of 
these modules, which makes up most of the 
hook domain, is located at the amino ter- 
minus (residues 2 to 54) and consists of four 
a helices (A  to D). The first two a helices 
(A  and B) are connected by a short turn to 
form an L-shaped structure. The a helices C 
and D are also perpendicularly oriented to 
each other. These four a helices extend out 
from the rest of the subunit and resemble a 
hook. The second module of the hook do- 
main, termed the loop-helix module, is 
closer to the carboxyl terminus (residues 
342 to 365) and consists of a long loop that 

extends from the catalytic domain, followed 
by helix M. The amino-terminal module 
wraps around helices I' and J '  of the he- 
lical domain of a second monomer, and 
the loop-helix module binds the helical 
domain from the other side, thereby 
clamping the two subunits together to 
form a dimer (Fig. 2B). A pair of B helices 
also form a parallel coiled coil between 
two different monomers that are diagonal- 
ly related. This coiled-coil interaction, 
which is formed between a top monomer 
from one dimer with the bottom monomer 
of an adjacent dimer, provides a structural 
contribution to hexamer formation. 

The helical domain is formed by two pairs 
of antiparallel a helices that extend from the 
catalytic domain. The first pair of helices is 
composed of the last four turns of helix F and 
the entire helix G, and the second pair con- 

Fig. 2. The three-dimension- 
al structure of the Gal6 hex- 
amer. The six subunits are 
shown in different colors. 
This figure, as well as Figs. 
3A, 4, and 6, A and C, were 
prepared with the program 
MOLSCRIPT (41) and ren- 
dered with RASTER3D (42). 
(A) A top view along the 
threefold axis. The central 
channel is a prominent fea- 
ture. The dimeric interac- 
tions are between top and 
bottom subunits (specifical- 
ly, between the purple and 
blue subunits, the red and 
pink subunits, and the green 
and yellow subunits). Trimer 
interactions occur between 
diagonally related subunits 
(the blue and red, the pink 
and green, and the yellow 
and purple subunits). A por- 
tion of the helical domain ex- 
tends from the equator of the 
hexamer. The turn between 
strands 2 and 3 of the p hair- 
pin is pointing toward the 
channel at the rim, three on 
either side; (B) A side view 
perpendicular to the top 
view. The dimer interactions 
are apparent in this view, 
with the oligomerization do- 
main of the top-front subunit 
(purple) wrapping around the 
helical domain of the bot- 
tom-front subunit (blue) and 
vice versa. The coiled-coil of 
the trimer interaction is visi- 
ble at the back of the hex- 
amer in this view (pink and 
green subunits). The helical 
domains are at the equator 
of the hexamer. Helices I and 
J of each subunit extend 
from the surface of the hex- 
amer like pot handles. 

sists of helices I and J. Helices F and G are 
positioned against the loop that connects p 
strands 5 and 6. A potentially important 
interaction between the helical and catalytic 
domains is formed by the stacking of the 
ArglZ9 side chain in helix G with the side 
chain of T ~ J ~ ~ ~  in the carboxvl-terminal 
arm. This region of the carboxyl-terminal 
arm is located after P strand 14, just before 
the arm enters the active site cleft. These 
residues are stacked on their dimer counter- 
parts ArglZ9' and Trp446' forming a four- 
residue stack. Possible implications of this 
interaction are discussed below. 

The hexamer. The torodial Gal6 hex- 
amer h y  overall dimensions - 125 by 1 15 
by 85 A (Fig. 2). Extensive intersubunit 
contacts stabilize the hexamer; the accessi- 
ble surftce area of an isolated monomer is 
21800 q 2 ,  whereas thatoof the hexamer is 
95400 A', or 15900 A2 per monomer. 
Consequently, about 6000 AZ or 27 per- 
cent of the solvent-accessible surface of 
each monomer is buried on oligomeriza- 
tion. The hexameric arraneement is main- - 
tained in both crystal forms and in solu- 
tion, as demonstrated by sedimentation 
experiments (1  6). Most of the burjed sur- 
face area of each subunit (-4000 AZ or 19 
percent) is associated with dimer contacts 
where the hook domain of one monomer 
clamps the helical domain of a second 
monomer. Because of the extensive dimer 
interaction. the hexamer mav be consid- 
ered as a trimer of dimers. The dimers are 
arranged around the threefold axis to form 
the hexamer through the coiled-coil inter- 
actions involving B helices from different 
subunits described above. When the top 
and bottom trimers are separated, the 
hook domains protrude from the surfaces 
of the trimers. The P hairpin modules are 
~ositioned at the two rims of the channel. 
with the turn between the two strands 
pointing into the channel. The two pro- 
tease active sites withinoeach dimer are 
separated by about 32 A and are posi- 
tioned nearly on top of each other, when 
viewed down the threefold axis of the 
hexamer. Active sites between threefold 
related subunits in thc same trimer are 
se~arated bv about 45 A. 

Among the striking features of the hex- 
amer is the channel traversing its center. 
The channel may be divided into three 
regions; two symmetry-relate4 outer regions 
that are oapproximately 22 A in diameter 
and 25 A in length, that open out into a 
thiri central region that is approximately 
45 A in diameter and 30 A in length. The 
surface of the channel is lined with 60 
lysine residues, 10 from each monomer. 
Three sets of three lvsines. situated on the 
turn between strancis 2 and 3 of the p 
hairpin (residues 242, 244, and 245), sur- 
round the outer rims of the channel. As a 
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Fig. 3. The Gal6 subunit structure. (A) A stereo 
pair with the oligomerization domain shown in 
purple, the catalytic domain in blue, the helical 
domain in yellow, and the carboxyl-terminal arm 
shown in a dark pink. (B) Sequence alignment of 
Gal6 and its homologs: Lactococcus lactis pepC 
(IcPepC) (43) and rabbit bleomycin hydrolase 
(rBH) for which only a partial cDNA is available (2). 
Identical residues are highlighted in blue. A 
structure-based sequence alignment of papain 
is shown on the bottom row. The structure of 
papain was superimposed on the core of Ga16, 
and the structural sequence alignment of 126 
residues was done by visual inspection. The 
secondary structure assignments of Gal6 are 
shown above the sequence: a helices are shown 
as zig-zag elements and p strands as arrows 
and color-coded according to the domains 
shown in (A). 

consequence of these lysines, and the ones 
at positions 31, 42, 68, 93, 175, 333, 334, 
396, and 400, a high positive electrostatic 
potential exists inside the channel, which is 
indicated by the blue-colored surface in Fig. 
5. Since the overall charge of the Gal6 
hexamer is neutral at pH 7, the positively 
charged channel reflects an asymmetric 
charge distribution over the protein surface, 
and not an overall positive charge. 

The prominent positive electrostatic po- 
tential inside the channel suggests that it 
represents the region of Gal6 involved in 
DNA binding. A double-stranded piece of 
DNA can be modeled into the channel of 
Ga16, although the fit is rather snug. Since 
the hexamer seems stable, we assume that 
Gal6 does not assemble around DNA, but 
rather binds to it as a hexamer. Therefore, 
although the channel may contain the site 
for DNA binding, Gal6 may undergo con- 
formational changes upon DNA binding 
that would better allow accommodation of 
a DNA helix or hairpin in the channel. 
These conformational changes could also 
regulate accessibility of the protease active 
site. Alternatively, DNA may bind to the 
outer surface of Gal6 through other basic 
residues near the surface of each monomer, 
or DNA may bind through the cw helices 
projecting from the surface of the hexamer. 
Initial mutagenesis experiments, however, 
demonstrate that, at least, lysines 242, 244, 
and 245 of the P hairpin loop of the chan- 
nel are required for single-stranded DNA 
binding (1 7). Loops are also used for DNA 
binding in p53 (1 8) and in NF-KB (1 9). 

The active site. The active site triad of 
Ga16, formed by the side chains of Cys73, 
His369, and resembles the active site 
triad of all other structurally characterized 
cysteine proteases. As in papain, the side 
chain of a glutamine residue, is po- 
sitioned to stabilize the oxyanion hole in 
Ga16. A major difference in the active site 
cleft of Ga16, relative to papain, is the 
projection of the carboxyl terminus of Gal6 

Fig. 4. The active site of Gal6 
showing the carboxyl-terminal arm 
in the active site cleft. Ga16, shown 
in blue with the conserved carbox- 
yl-terminal and active site residues 
in a stick representation, starting 
with Trpu6, is superimposed on a 
complex of papain with the cysteine 
protease inhibitor leupeptin. The 
papain active site residues and leu- 
peptin are shown in orange. 

into its active site. The replacement of sion with afree carboxyl terminus (20), by 
Asp15' of papain, which has been associated ThIj6' in Ga16, may facilitate the binding 
with the absence of carboxypeptidase activ- of the carboxyl terminus of Gal6 in the 
ity in papain because of electrostatic repul- active site. Remarkably, the structure of 
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Fig. 5. GRASP (44) repre- 
sentation of the electrostatic 
potential at the surface of 
Ga16. The coloring scheme 
depicts potentials < -1 0 
k,T in red and > 10 k,T, in 
blue, and where k, is the 
Boltzmann constant and Tis 
the absolute temperature. 
For this calculation, the di- 
electric constants were 80 
for the solvent and 2 for the 
protein, and the ionic strength 
is a slice approximately along 

was 0. The left panel shows the view down the threefold axis. On the right 
the threefold axis showing the positive interior of the channel. 

Fig. 6. (A) A space-filling representation of the Gal6 hexamer. The only opening to the interior of the 
protein is through the channel. The left panel shows a view along the threefold axis, while the right panel 
provides a side view. (B) Aschematic showing the "inner approach" to the active site. Aslice through the 
middle of the protein along the threefold axis with a side view. Four out of the six active sites are shown 
and are represented as distorted stars. (C) The putative "outer approach" site showing the stacking 
interaction between the two carboxyl-terminal arm Trp446 and the two Arg129 side chains at the dimer 
interface. 

the carboxyl terminus resembles the struc- 
tures of inhibitors complexed with papain 
(for example, leupeptin, E-64, chlorom- 
ethyl ketones, and stefin B) (21). The 
peptide aldehyde leupeptin (Ac-Leu-Leu- 
arginal) forms a reversible, covalent tran- 
sition state analog with papain. In the 
superposition between Gal6 and this com- 
plex, the carboxyl terminus of Gal6 closely 

matches the position of the inhibitor in 
that the carbonyl group of Ala4'l is locat- 
ed where the acetyl group of leupeptin is 
placed; Leu452 coincides with the first 
leucine of leupeptin at subsite P3, and 
Ala453 overlaps with the middle leucine of 
leupeptin at subsite P2 (Fig. 4). There is 
an arginyl group in leupeptin at PI, but no  
equivalent in Gal6 as the carboxyl-termi- 

nal Lys454 was found to be cleaved from 
the mature vrotein. 

The approach to the active site cleft. 
One of the puzzling aspects about Gal6 is 
how substrates reach the protease active site. 
In addition to the presence of the carboxyl- 
terminal residues in the active site cleft, the 
site is also essentially inaccessible from the 
outer surface of the hexamer. The auestion 
of how a substrate can reach the active site is 
critical. The six active site clefts oven out 
toward the wider, central region of the chan- 
nel, and they can be accessed from that 
central region of the channel interior 
through a path labeled the "inner approach" 
(Fig. 6). This is very reminiscent of the 
arrangement of the active sites within the 
channel of the proteasome (9). As the open- 
ing of the channel is -20 A, a putative 
p rote in substrate must be either of limited 
size or partially unfolded to reach the active 
site. Should larger substrates. be cleaved by 
Ga16, either the channel must be enlarged, 
or alternative access routes to the active sites 
must be created. The latter scenario forms 
the basis of a second, speculative approach to 
the active site. The active site clefts would 
be accessible from the outer surface of the 
hexamer if the helical domains of two mono- 
mers in a dimer could be spread apart. A 
potential pathway ("the outer approach") 
could be generated by subunit motions that 
separate the four stacked side chains at the 
dimer interface. These residues, Trp446 from 
the carboxyl-terminal arm, Arglt9 from the 
helical domain, along with their counter- 
parts in the dimer-related subunit (Fig. 6C), 
are conserved in the Gal6 homologs. In ad- 
dition, Arg129 hydrogen bonds to the car- 
bony1 oxygen of Asp12' of the dimer partner. 
Separation of the two dimeric helical do- 
mains through repositioning of Trp446 
(shown in stick representation also in Fig. 4) 
may also help dislocate the carboxyl termini 
from the active site clefts. with the end result 
of allowing access to the active site from the 
outer side of the Gal6 hexamer. This scenar- 
io implies that the enzymatic activity of Gal6 
could be regulated bv interactions with other " 
macromolecules that mediate changes in 
subunit positioning in the hexamer. 

The combination of the overall archi- 
tecture of the hexamer and the presence of 
the carboxyl-terminal arm in the active 
site cleft limiting the access to the active 
site cleft may explain why the peptidase 
activity observed so far in vitro has been 
limited to small peptides (5). If the car- 
boxyl-terminal arm is not displaced, there 
may be room for only one residue between 
the carboxyl terminus of Gal6 and the 
catalytic sulfhydryl group. In addition, the 
carboxyl terminus may form ionic interac- 
tions with an amino terminus of a sub- 
strate, thus locking it in a proper orienta- 
tion for cleavage, which may account for 
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the  aminopeptidase activities of the  PepC 
homologs of Ga16. T h e  spatially restricted 
active site may also help select the  amide 
bond in the  p-amino alanine group of 
bleonlycin for cleavage during hydrolysis 
of the drug. PepC from Lactococcus lactis 
has been crystallized ( 2 2 ) ,  and a compar- 
ison of the  structures of these two proteins 
may be instructive. 

Manv of the characteristics of Gal6 are 
provielei by the subunit arrangement in this 
hexa~neric molecule. Rather than having 
distinct DNA-binding and protease do- 
mains, these two activities appear intimate- 
ly connected by the overall architecture of 
the oligomer. T h e  overall toroicial structure 
of the Gal6 hexamer is re~niniscent of the 
structures of other DNA-binding proteins 
such as the p subunit of D N A  polymerase 
111 ( 2 3 ) ,  P C N A  ( 2 4 ) ,  anii topoisomerase I 
( 2 5 ) ,  where the hole or channel is thought 
to be the site for nucleic acid binding. 
Topoisomerase 1 is proposed to open and 
close around the D N A  ( 2 5 ) ,  whereas an 
auxiliary protein is required to assemble the 
stable P C N A  trilner arounci D N A  ( 2 6 ) .  
Ringlike structures are not restricted to  
D N A  binding proteins; the recent crystal 
structure of the 20s Droteasome from Ther- 
moplasma acidophilum ( 9 )  is instructive, be- 
cause there are Inany parallels between the 
proteasome structure and the structure of 
Gal6. Both proteins are ringlike oligorners 
that contain several nrotease active sites 
situated in a central channel protected and 
isolated from the outside. Further, both pro- 
teins have a larger central cavity and two 
side cavities of smaller diameter. with the 
active sites lining the central cavity. T h e  
activity of the 203 proteasome particle is 
regulated by interactions with other mole- 
cules, leading to  activation or inhibition of 
different proteolytic activities ( 2 7 ) .  In par- 
allel, it is likely that Gal6 protease activity 
is affected by DNA-binding and by interac- 
tions that m o d ~ ~ l a t e  the effects of the car- 
boxyl-terminus of Gal6 in the active site 
cleft. T h e  structure of Gal6 suggests that 
the protease and DNA-binding activities of 
Gal6 may he linked by the quaternary struc- 
ture arrangement of the subunits, ~ ~ h i c h  
could he ~nodulated hy binding of other 
molecules. Definition of the structural rela- 
tion het.rveen these activities shoulci facili- 
tate a better understanding of the basic, 
conserved role of Gal6 in its cellular func- 
tions from hacteria to humans. 
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