
from, the imidazole ring of His57 to allow 
entry of the hydrolytic water molecule. 

We believe we have resolved the issues 
posed at the beginning. Because the 
course of hydrolysis is slow, the time 
resolution was sufficient to trap the hydro- 
lytic water molecule. The Laue method, 
judiciously applied, revealed details as 
subtle as the rearrangement of water mol- 
ecules. Finally, the GB-trypsin system pro- 
vided firm structural evidence for a role 
played by water during ester hydrolysis 
that is similar to that played by the serine 
hydroxyl during amide cleavage. Further, 
the experiment defined the geometry of 

the incoming water molecule, His57, and 
the GB group and suggests an approach 
route for this molecule as it attacks the 
carbonyl carbon atom, becoming more 
nucleophilic as its interaction with the 
catalytic His residue increases. 
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Escherichia coli with Glycerol Kinase 
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The phosphocarrier protein IIIGIC is an integral component of the bacterial phosphotrans- 
ferase (PTS) system. Unphosphorylated IIIGIC inhibits non-PTS carbohydrate transport 
systems by binding to diverse target proteins. The crystal structure at 2.6 A resolution of 
one of the targets, glycerol kinase (GK), in complex with unphosphorylated IIIGIC, glycerol, 
and adenosine diphosphate was determined. GK contains a region that is topologically 
identical to the adenosine triphosphate binding domains of hexokinase, the 70-kD heat 
shock cognate, and actin. IIIGIC binds far from the catalytic site of GK, indicating that 
longlrange conformational changes mediate the inhibition of GK by IIIGIC. GK and IIIGIC are 
bound by hydrophobic and electrostatic interactions, with only one hydrogen bond 
involving an uncharged group. The phosphorylation site of IIIGIC, Hiss0, is buried in a 
hydrophobic environment formed by the active site region of IIIGIC and a 3,, helix of GK, 
suggesting that phosphorylation prevents IIIGIC binding to GK by directly disrupting 
protein-protein interactions. 

I n  Escherichia coli, the phosphoenolpyru- 
vate:glycose phosphotransferase system 
(PTS) functions both as a transport path- 
way for its sugar substrates and as a negative 
regulator of the transport of several energy 
sources that are not PTS substrates (1). The 
regulatory state of the cell is determined by 
the state of phosphorylation of IIIG1', a PTS 
component specific for the uptake and 
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phosphorylation of glucose. In the presence 
of PTS sugars, unphosphorylated IIIG1' 
binds and inhibits permeases and other 
enzymes that participate in uptake and me- 
tabolism of non-PTS carbon sources. Un- 
phosphorylated IIIG1' is an apparent non- 
competitive inhibitor of glycerol kinase 
(GK) with respect to both glycerol and 
Mgz+-adenosine triphosphate (ATP) (2). 
Inhibition is eliminated upon phosphoryla- 
tion of IIIG1' (2, 3). To elucidate the 
structural basis for the regulatory action of 
IIIG1', we determined the structure of the 
complex of E. coli IIIG1' with GK and ' 
glycerol in the presence and absence of 
adenosine diphosphate (ADP) by multiple 
isomorphous replacement, solvent flatten- 
ing, and crystallographic refinement (Table 
I). The model, containing 4991 nonhydro- 
gen atoms, had a conventional crystallo- 
graphic R factor of 0.191 for all data ob- 
served between 5 and 2.6 A resolution. The 
root-mean-square (rms) deviation was 
0.013 A from ideal bond lengths, 3.1" from 
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bond angles, and 2.3 A2 from restrained 
thermal parameters. 

GK consists of two large domains, one 
on either side of a deep and narrow cleft 
(Figs. 1-3). Regions of the domains that 
form the cleft are topologically identical to 
the common ATPase core of hexokinase 
(4), the 70-kD heat shock cognate 
(HSC70) (5 ) ,  and actin (6). We follow the 
nomenclature established for HSC70. The 
large domains I and I1 (Fig. 3A) are divided 
into smaller subdomains. The two subdo- 
mains of the common ATPase fold are 
denoted IA and IIA. The others, IB, IC, 
IIB, and IIC, are insertions into or exten- 
sions of the common ATPase core (7), with 
IC and IIC unique to GK. Domain IB of 
GK, consisting of two insertions, is larger 
than the other IB domains and contains a 
central five-stranded antiparallel P sheet 
not found in other members of the family. 
Although domain IIB is topologically iden- 
tical to the IIB domains of HSC70 and 
actin, the tertiary structure of this domain 
is unrelated to hexokinase, HSC70 or ac- 
tin. 

Glycerol binds at the bottom of the 
interdomain cleft (Figs. 2A and 3B). The 
side chains of Args3, GluS4, Tyr135, and 
Aspz45 and the amide NH of ArgE3 form 
hydrogen bonds with the hydroxyl groups of 
glycerol. The side chains of Trp103 and 
Phe270 are in van der Waals contact with 
the carbon backbone of glycerol. Asp1' and 
Aspz45 form a possible MgZ+ binding site. 
Asp1' has been proposed to function in 
ATP hydrolysis on the basis of its occur- 
rence within a fingerprint sequence derived 
from the structures of the ATP binding sites 
of hexokinase, HSC70, and actin (8). This 
fingerprint sequence in GK also led to the 
prediction that GK would have a fold sim- 
ilar to these three proteins (8). Asp245 is 
structurally equivalent to Asp2" (4, 9), the 
putative catalytic base of hexokinase, and is 
the only amino acid of GK that reacts with 
affinity labels dibromoacetone and dichlo- 
roacetone (10). Aspz45 forms a hydrogen 
bond with the 3-hydroxyl of glycerol, sug- 
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gesting that it is the catalytic base in the 
phosphorylation reaction. 

The ADP binding site is located directly 
above the glycerol binding site in the inter- 
domain cleft (Figs. 2 and 3B). The only 
structural change on ADP binding is a 
rotation of the side chain of Arg17 and its 
interaction with the pyrophosphate moiety 
of ADP. The pyrophosphate moiety also 
interacts with main chain nitrogens of 
Gly266, W6', and GlY4l1. The ribose 
forms hydrogen bonds with the side chain 
of Gln314 and the main chain at G1$1° and 
Ala412, while the adenine base lies in a 
hydrophobic pocket formed by main chain 
atoms and the side chains of Ile313 Ala3" 
LedE1, Ile384, Ala412, and ~ s n ~ l ; .  A hy: 
drogen bond may be formed between N-1 of 
adenine and the side chain of Asn415. 
GK exists at physiological concentra- 

tions in an equilibrium between functional 
dimers and tetramers (1 1). The crystal con- 
tains tetramers of GK with exact 222 point- 
group symmetry, with the tetramer located 
at the intersection of three twofold axes in 
the crystal lattice. Each GK monomer is 
related to the others by a twofold rotation 
about the X, Y, or Z axis. The original GK 
monomer and those related to it are desig- 
nated 0, X, Y, and Z, respectively. Domain 
IIB forms the most extensive intersubunit 
contact, primarily with the Y subunit. Res- 
idues 361 to 367 and 341 EO 347 of the 0 
and Y subunits form a four-stranded inter- 
subunit antiparallel p sheet. Helices (resi- 
dues 308 to 320 and 373 to 399) pack on 
one side of the intersubunit p sheet, and 
the COOH-terminal helix (residues 480 to 
493) packs on the opposite side,. with a 
central strand-to-helix angle of about 
-5V, reminiscent of the clasp-like subunit 
interfaces described for several proteins 
(12). Domain IIB also forms less extensive 
interactions with the Z subunit through a 
loop and an a helix comprising residues 32 1 
to 333. Helices (residues 49 m 68) of 
domains IA of 0 and X pack in an antipar- 
allel fashion to form the only interaction 
between these subunits (Fig. 2B). The 0-Y 
interface buries 3521 A2 of solvent-accessi- 
ble surface area (13) between both sub- 
units, far more than the 381 A2 and 524 A2 
buried by the O-X and 0-2 interfaces, 
respectively. Thus, the dimer-tetramer 
equilibrium in solution probably involves 
dissociation of the tetramer into 0-Y di- 
mers. Although each active site comprises 
residues from only one monomer, the side 
chain of Arg369 of the Y subunit penetrates 
deeply into the 0 subunit, approaching 
within 7 A of the ADP molecule, and may 
be involved in allosteric regulation of enzy- 
matic activity. 

Hexokinase undergoes a dramatic confor- 
mational transition from open to closed 
forms upon binding its substrate, glucose 
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(1 4). GK is also thought to undergo a large 
conformational change upon binding glycer- 
ol (15). The GK structures were obtained 
with glycerol present in both instances. The 
ATF'ase core domains IA and IIA are in a 
closed conformation similar to that observed 
in the hexokinase-glucose complex and in 
the HSC70 and actin structures. One hun- 
dred eighty a carbons (&) of domains IA 
and IIA of HSC70 can be superimposed 
simultaneously on glycerol kinase with an 
rms deviation of only 2.9 A. This deviation 
is only marginal1 greater than deviations of 
2.4 A and 2.7 1 rms for separate superirn- 
position of 76 and 104 Cas of the domains 
IA and IIA (1 6), suggesting that the rela- 
tive orientations of domains IA and IIA are 
essentially identical in GK and HSC70. 
Binding of ADP to GK produces only very 
localized structural changes. By analogy 
with hexokinase, the observed closed con- 
formation of GK is precisely what would be 
expected in the presence of substrate. 

Flg. 1. Electron density 
from the final sohmnt-flat- 
tend multiple isomor- 
phous replacement map, 
contoured at 1.0 o. The 
refined model in the vicin- 
ity of HgCI, site 2, at 
Cys255 and Metm, is pre- 
sented. 

r 

IIIGk consists of a p-sheet sandwich, 
with the active site residues His75 and Hi#" 
surrounded by hydrophobic and negatively 
charged residues on one face of the sand- 
wich (17, 18). In the crystal of the com- 
plex, one molecule of IIpLC is bound to 
each GK monomer. There is little differ- 
ence (0.3 A rms deviation for & positions) 
between the structures of residues 19 to 168 
of IIIGLc and the same residues in uncom- 
plexed IIIGk (1 7). The largest difTerence in 
the crystal of the complex is the location of 
residues 1 to 11. Nuclear magnetic reso- 
nance (NMR) studies of uncomplexed 
IIIGLc in solution demonstrated that the 
NH2-terminal 18 residues were unstruc- 
tured (1 9), although they are important for 
phosphate transfer to glucose permease (20). 
Crystals of uncomplexed E. cdi U P  (17) 
were only obtained for the fast form of the 
protein, lacking residues 1 to 7 (21), and 
d u e s  8 to 18 were disordered. In the 
present structure, residues 1 to 11 are bound 

Table 1. Crystallographic statistics. The Illm-GK complex was crystallized by hanging drop vapor 
diffusion from a 1:l molar mixture of glycerol kinase and intact ("slow") IllGb (32). Data were 
collected on a Xwng-Hamlin area detector (33) with the use of graphite monochromated Cu K, 
from a Rigaku RU-200BH rotating anode x-ray generator. Initial data reduction was performed with 
the supplied detector software (34), but final intensities were scaled and merged with exponential 
scaling (35). Heavy atom parameters were refined by the origin-removed difference Patterson 
method (36). An improved phase set was obtained by solvent flattening (37), and these phases 
were used to improve heavy atom parameters by standard lack-of-closure refinement. Phases from 
a partial model, built with FRODO (38) and containing 75% of the total scattering matter, were used 
for a final round of lack-of-closure heavy atom parameter refinement, resulting in further improve- 
ment of the electron density map. Crystallographic refinement was carried out by simulated 
annealing (39, 40). 

Observations 

Data Completeness* (No.) D m  set (A) 
Sites Phasing 
(NO.) 'c* powers . . 

Total Unique 

Native 0.76 (0.58) 81994 24169 2.6 0.056 (0.232) 
ADP 0.81 (0.59) 52729 261 16 2.6 0.065 (0.235) 
HgCI, 0.86 (0.70) 44277 17870 3.0 0.058 (0.169) 2 0.45 1.38 
cis-R 0.89 (0.97) 20616 7754 4.0 0.052 (0.071) 3 0.73 0.42 

*Completeness is the ratio of observed to theoretically possible reflections. t b  = > Dl- 
Values in parentheses are for the highest resolution shell used: 2.6 to 2.7 A for native and ADP; 3.0% 3.2 A for 
the mercury derivatii; and 4.0 to 4.2 A for the platinum derivative. R, = P IIFp, +. FpI - F,D IF, 2 F,I, where 
the summation is wer centric reflections. ' §Phasing pawer is the ratlo of the rms heavy atom scattering to the 
rms lack of closure of the phase triangles. 
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to GK in an extended conformation. No 
electron density was located for residues 12 to 
18, which could span up to 28 A. However, 
the proper connection between the NH,- 
terminal region and the rest of IIIGk was 
inferred because residue 19 of the nearest 
IIIGL' is 17 A distant in the crystal and the 
next nearest IIIG" is more than 50 A distant. 

Three contacts occur between IIIG" and 
two daerent GK tetramers in the crystal 
(Table 2). The largest and most hydropho- 
bic of the contacts includes the active site 
region of IIIG". Contact 1 comprises resi- 
dues 38 to 46, 71, 78,88,90, and 94 to 97 
of IIIG", and residues 402 and 472 to 481 of 
GK. Contacts 2 and 3 are formed with a 
GK subunit of a daerent tetramer than the 
one involved in contact 1 (22). Contact 2 
is also hydrophobic, but the composition of 
contact 3 is typical of protein surfaces in 
general (23). 

Interfaces between functionally interact- 
ing proteins bury 1250 to 1950 AZ of 
solvent-accessible surface area (23). Only 
contact 1 is within this range, although 
contact 2 is only marginally less. Contact 1 
is most likely to be relevant to the GK- 
IIIG" regulatory interaction. Because resi- 

dues 1 to 11 of IIIG", which participate in 
contact 2, are disordered for free IIIGIC, the 
entropic cost of ordering these residues 
implies that this interaction is weak. Also, 
Bacillw subtilis IIIG", lacking the seven 
NH,-terminal residues of E. coli IIIGk, com- 
plements a defect in GK regulation by IIIG" 
in E. wli (24), indicating that these resi- 
dues are not essential for regulation of GK. 
The small and relatively hydrophilic con- 
tact 3 probably exists only in the crystal. 

The most dramatic feature of the major 
GK-IIIGLc contact is the burial of the 
active site residues His75 and Hisg0 of 
IIIG" (25) in the center of the interface. 
The side chain of Hisw is completely 
buried in the complex but is 14% solvent 
accessible in uncomplexed IIIG" (1 3). 
There are no direct hydrogen bonds be- 
tween the histidines and GK. The major 
IIIG" binding site on GK is within the IIC 
domain and consists of a two-turn segment 
of 3,, helix (Fig. 2A) linked to a longer a 
helix by a 45" bend. Residues 472 to 481 
project directly into the concave active 
site of IIIG" (Fig. 4). The IIIG" binding 
site is part of the O-Y subunit interface, 
but there is no direct contact between the 

Flg. 2. (A) Stereo a-carbon 
(Ca) drawing of one GK 
monomer, highlighting the 
interdomain cleft. The 3,, 
helix to which IllGk binds is 
at the extreme right. (B) Ca 
drawing of the GK tetra- 
mer. Space-filling models 
of ADP and glycerol mark 
the active site of one sub- 
unit. The antiparallel pair of 
helices (residues 49 to 68) 
forming the 0 4  interface 
are at right (yellow and 
green subunits). 

- I 

subunit 0 IIIGIC and subunit Y. Salt bridg- 
es are formed between Arg402 and Arg479 
of GK and GluS3 and Asp38 of IIIGLc. The 
only hydrogen bond involving an un- 
charged group is made by of GK 
and Aspg4 of IIIGlc, but it is long (3.35 A). 
The side chains of Pro472, Ile474, Tyr481, 
the aliphatic portions of G ~ u ~ ~ ~  and 
Arg479, and main chain atoms of GK form 
hydrophobic interactions with the side 
chains of ValS0, PheS1, IleS5, ValS6, Phe71, 
PheE8, and Valg6 of IIIG". These side 
chains of IIIG" form a hydrophobic ring 
around the active site of IIIG" and had 
previously been suggested to be involved 
in protein-protein interactions (1 7, 18). 

With burial of some 1300 AZ of molec- 
ular surface, the IIIGk-GK interface is 
smaller than most contact surfaces between 
functionally interacting proteins. There are 
also fewer polar interactions than in other 
classes of protein-protein interactions. The 
IIIG"-GK binding interaction in solution, 
with half-maximal inhibition at 4 to 10 pM 
depending on pH (2), is weaker than for 
other classes of protein-protein complexes 
(23). IIIG" is normally present at high (50 
pM) concentrations in the cell (2); the 
interface may need to be relatively small in 
order to ensure that binding is reversible 
upon phosphorylation of IIIGIc. 

In order to cany out the multiple func- 
tions of phosphate transfer and regulation, 
IIIG" physically interacts with apparently 
unrelated proteins. The three-dimensional 
structure of one other IIIGk-binding pro- 
tein, the histidine-containing phosphocar- 
rier protein HPr, has been solved (26, 27). 
HPr transfers a phosphate directly from 
His15 to Hisw of IIIGlC. There is no se- 
quence similarity between the IIIG" binding 
regions of GK and HPr. While both struc- 
tures contain helical secondary structure and 
an arginine two positions COOH-terminal 
to the position (Thr477 of GK, His15 of HPr) 
interacting with Hisw of IIIG", the struc- 
tures have little in common. Thr477 of GK is 
near the center of a 3,, helix, while His15 of 

Table 2. Glycerol kinase-IllGk contacts. AA is 
the difference for both GK and I l l w  between 
the total surface area calculated for the isolated 
molecules and for the complex. Solvent-acces- 
sible surface areas were calculated with a 
probe radius of 1.4 A and a grid-based algorithm 
with a step size of 0.8 A. The nonpolar sdvent 
accessible surface is defined as the surface area 
calculated for carbon atoms alone in the pres- 
ence of all protein atoms. 

Contact 
AA (A2) H Salt 

Total Nonpolar bonds bridges 

SCIENCE VOL. 259 29 JANUARY 1993 



Fig. 3. (A) Schematic diagram of the topology of GK. Approximate residue numbers mark the start 
and end of selected secondary structure elements. The conserved ATPase core is lightly shaded, 
and the IIIGIC-binding domain IIC is heavily shaded. A dashed line indicates residues 230 to 236 
which could not be located in electron density map. (B) Schematic diagram of the active site of GK 
in the presence of ADP and glycerol. 

HPr is at the NH,-terminus of an a helix. 
The region of HPr NH,-terminal to Hid5 
consists of irregular secondary structure with 
no counterpart in GK. 

A single binding site might recognize 
diverse sequences and structures by means of 
nondirectional intermolecular forces. Anti- 
gen-antibody interactions are highly specific 
and involve 10 to 23 hydrogen bonds in each 
complex (23). In contrast, the regulatory 
protein calmodulin recognizes a diverse fam- 
ily of proteins through hydrophobic and 
electrostatic interactions with no major role 
for hydrogen bonds (28). Given the 2.6 A 
resolution of the GK-IIIG1' complex, we 
have used a strict 3.4 A cutoff in searching 
for potential hydrogen bonds, conditions 

that are comparable to those of most anti- 
body-antigen structures. We located only 
one intermolecular hydrogen bond involv- 
ing an uncharged group. 

The structure of the IIIG"-GK complex 
suggests a mechanism whereby phosphoryl- 
ation of IIIG" controls the interaction. The 
phosphorylation site of IIIG1' at Hism is buried 
in a hydrophobic environment. An unfavor- 
ably close contact of approximately 2.2 A 
between a phosphate oxygen and the side 
chain of Thr477 would occur in the absence of 
significant structural changes. Comparison of 
the three-dimensional NMR spectra of phos- 
phorylated and unphosphorylated IIIG'' kdi- 
cates that phosphorylation produces only 
small structural perturbations (less than 1.5 

Fig. 4. Stereo Ca view, with selected side chains, of contact 1 between GK and the active site of 
I I I G I c .  GK (filled bonds), and (open bonds) nitrogen and oxygen atoms (filled). 

A) that are confined to the immediate neigh- 
borhood of Hisg0 (29). It has also been shown 
by NMR that in phosphorylated IIIG" the 
active site His75 is not charged at cytoplasmic 
pH (30). The nearest charged groups to the 
Hisg0 phosphate would be the side chains of 
Asp3' and Aspg4 of IIIG'' (6.5 and 4.9 A 
distant, respectively) and G I u ~ ~ '  of GK (6.3 
A). The closest positively charged group 
would be Arg479 of GK (7.0 A). Thus a 
phosphate covalently bound to Hisg0 would 
be in a highly unfavorable environment, re- 
moved from solvation by bulk water, sur- 
rounded by negatively charged groups, with- 
out any compensating interactions with posi- 
tively charged groups in the complex. Esche- 
r i c h  coli isocitrate dehydrogenase is inac- 
tivated by phosphorylation as a result of direct 
electrostatic and steric repulsion between the 
phosphate and the substrate isocitrate (31). 
For these cases, enzyme-substrate and protein- 
protein binding are both directly disrupted by 
phosphorylation. 

How IIIG" binding inhibits the activity 
of GK is still unclear. Allosteric regulation 
of GK by IIIG" belongs to the rare class of 
purely noncompetitive inhibition with re- 
spect to both substrates (2). It is thus not 
surprising that bound glycerol and ADP are 
observed in the crystal in the presence of 
the inhibitor IIIG". The IIIG1' binding site 
is farther than 30 A from the catalytic site 
of GK, which rules out a direct short-range 
effect of IIIG". Presumably IIIG'' destabiliz- 
es one or more of the conformations of GK 
in the reaction pathway. 
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Patchiness and Correlations in DNA Sequences 

Samuel Karlin and Volker Brendel 
The highly nonrandom character of genomic DNA can confound attempts at modeling DNA 
sequence variation by standard stochastic processes (including random walk or fractal 
models). In particular, the mosaic character of DNA consisting of patches of different 
composition can fully account for apparent long-range correlations in DNA. 

Genomic global and local compositional 
heterogeneity is widely recognized. The 
many examples of DNA heterogeneity in 
existence include isochore compartments 
[regions dominated by either G + C or A + 
T as determined by thermal-melting studies 
or density-gradient centrifugation; for ex- 
ample, the G + G and A + T-rich halves 
of the bacteriophage lambda genome (1); 
see (2) for examples in mammalian species]; 
mobile insertion elements [such as Alu in 
human, Ty in yeast, and IS in Escherichia 
coli (3)]; characteristic satellite centromeric 
tandem repeats [such as the 171-base pair 
human alpha satellite DNA (4)]; charac- 
teristic t'elomeric sequences [such as 
AGGGTT tandem repeats in humans (5)]; 
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HTF islands [vertebrate DNA sequences 
that occur generally upstream of genes and 
are abundant with nonmethylated CpG 
(6)]; repetitive extragenic palindromes 
(REPS) in E. coli and Salmonella typhimuri- 
u m  (7); repeat induced point (RIP) muta- 
tion in certain fungi (8); recombinational 
hot spots [such as chi elements in E. coli 
(9)]; universal underrepresentation of the 
dinucleotide TpA (1 0); suppression of the 
dinucleotide CvG in vertebrates (1 1); the . , .  
pervasive rarity of the tetranucleotide 
CTAG (12); GNN periodicity in coding 
sequences (1 3) ; and methyltransferase mod- 
ifications (1 4). 

Thus, genome organization is complex 
and variegated. In general, genomic se- 
quences are not homogeneous on any scale. 
For example, eukaryotic sequences are of- 
ten endowed with tandem repeats accruing 
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