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The structure of enzyme llAlactose from Lactococcus lactis
reveals a new fold and points to possible interactions of a

multicomponent system

Piotr Sliz!, Roswitha Engelmann?2, Wolfgang Hengstenberg? and Emil F Pail.3*

Background: The bacterial phosphoenolpyruvate: sugar phosphotransferase
system (PTS) is responsible for the binding, transmembrane transport and
phosphorylation of numerous sugar substrates. The system is also involved in the
regulation of a variety of metabolic and transcriptional processes. The PTS
consists of two non-specific energy coupling components, enzyme | and a heat
stable phosphocarrier protein (HPr), as well as several sugar-specific multiprotein
permeases known as enzymes Il. In most cases, enzymes IIA and IIB are located
in the cytoplasm, while enzyme IIC acts as a membrane channel. Enzyme I|Alactose
belongs to the lactose/cellobiose-specific family of enzymes Il, one of four
functionally and structurally distinct groups. The protein, which normally functions
as a trimer, is believed to separate into its subunits after phosphorylation.

Results: The crystal structure of the trimeric enzyme IIAlactose from Lactococcus
lactis has been determined at 2.3 A resolution. The subunits of the enzyme,
related to each other by the inherent threefold rotational symmetry, possess
interesting structural features such as coiled-coil-like packing and a methionine
cluster. The subunits each comprise three helices (I, Il and Ill) and pack against
each other forming a nine-helix bundle. This helical bundle is stabilized by a
centrally located metal ion and also encloses a hydrophobic cavity. The three
phosphorylation sites (His78 on each monomer) are located in helices Ill and
their sidechains protrude into a large groove between helices | and Il of the
neighbouring subunits. A model of the complex between phosphorylated HPr
and enzyme lIAlactose has been constructed.

Conclusions: Enzyme llIAlctose s the first representative of the family of
lactose/cellobiose-specific enzymes IIA for which a three-dimensional structure
has been determined. Some of its structural features, like the presence of two
histidine residues at the active site, seem to be common to all enzymes lIA, but
no overall structural homology is observed to any PTS proteins or to any other
proteins in the Protein Data Bank. Enzyme IIAlactose shows surface
complementarity to the phosphorylated form of HPr and several energetically
favourable interactions between the two molecules can be predicted.
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In homofermentative lactic acid bacteria, many carbohy-
drates are taken up by the bacterium via a phospho-
enolpyruvate: sugar phosphotransferase system (PTS).
The PTS is responsible for binding, transmembrane trans-
port, and phosphorylation of numerous sugar substrates. It
is also involved in several regulatory events including
catabolite repression, catabolite inhibition and chemo-
taxis, thereby acting as a primitive bacterial signal trans-
duction system (for a review, see [1]).

The PTS is composed of two non-specific, energy-cou-
pling components, enzyme I and a heat stable phosphocar-
rier protein (HPr), as well as several sugar specific
enzymes II. Depending on the system, the enzymes II

consist of three independent folding domains that exist
either as individual subunits or as fused polypeptides.
Commonly, two of the domains, ITA and IIB, are
hydrophilic and located in the cytoplasm, while IIC is an
integral membrane protein (Fig. 1).

Enzyme 1 is a histidine kinase which uses phospho-
enolpyruvate (PEP) as a substrate for autophosphorylation.
The phosphoryl group is then transferred to a histidine
residue of HPr. The phosphorylated form of HPr (P-HPr)
in turn passes the phosphoryl group onto histidine residues
in a variety of sugar-specific enzymes IIA (or ITA domains
in the case of fused peptide chains). The phosphoryl group
is subsequently handed to a cysteine residue in the corre-
sponding hydrophilic IIB enzyme or domain. The proper
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Figure 1

The phosphoenolpyruvate (PEP)-dependent sugar transport system
(PTS) in bacteria. Enzyme | (El) is autophosphorylated by PEP and
consequently phosphorylates the heat stable phosphocarrier protein
(HPr). HPr transfers phosphate to several different enzymes IIA, which
can be classified into four different families: glucose- (glc), mannose-
(man), mannitol- (mtl) and lactose- (lac) specific, respectively. Enzymes
IIA ‘hand’ the phosphate on to enzymes IIB from the same family.
These enzymes in turn phosphorylate sugars as they are translocated
through the membrane with the help of the transmembrane proteins,
enzymes IIC. In the figure both unphosphorylated (grey) and
phosphorylated (red) states of El and HPr are depicted, but for
simplicity only one sphere for both unphosphorylated and
phosphorylated states of enzymes IIA and 1B are drawn.

carbohydrate binds to the IIC protein, the membrane-
spanning part of the P'T'S, where it is simultaneously trans-
ported into the cell, converted to the phosphate ester and
channelled directly into the glycolytic pathway.

In milk fermenting bacteria, such as Lactococci and Lacto-
bacilli, the disaccharide lactose and galactoside analogues
are imported into the cell mainly via the PTS. The corre-
sponding enzymes II belong to the lactose/cellobiose
family. There are five individual steps in the overall
import and phosphorylation reaction:

PEP +enz | . P—enz |+ pyruvate 1)
P—enz |+HPr . P—HPr + enz | (2)
3 P-HPr+enz lIA2¢_, P,—enz IIAC + 3HPr (3)
1/3 Py—enz lIA2¢ +enz IIBC'2c . 1/3 enz lIA%¢ + P—enz |IBClac (4)
P—enz lIBClc + galactoside — galactoside-6-P + enz lIBClac (5)

In the case of Staphylococci, Lactococci and Lactobacilli
enzymes ITAR¢ and IIBCk¢ are induced by adding galac-
tose to the growth medium. The IIA%¢ component
was first isolated from Sraphylococcus and later from milk
fermenting bacteria [2]. The corresponding genes have
been cloned and overexpressed in Escherichia coli [3].

So far, the three-dimensional structure of the N-terminal
domain of enzyme I has been determined by X-ray

crystallography [4] and the structures of HPr—proteins
from a variety of microorganisms have been solved using
both crystallographic [5-9] and NMR methods [10-13].

Based on differences in their amino acid sequences [14]
and on limited structural information [15], enzymes II
have been classified into four families. The prototype
representatives of these families are the glucose (glc),
mannose (man), mannitol (mtl), and lactose-specific (lac)
proteins, respectively. The crystallization of the lactose-
specific enzymes IIA from Staphylococcus aureus [16] and
Lactococcus lactis has been reported [17] and the sec-
ondary structure of E. co/i TIA™ [18] and ITA™n [19]
have been assigned by heteronuclear NMR spec-
troscopy. High-resolution X-ray structures are known for
IIAZe from E. co/i [20] and from Bacillus subtilis [21] as
well as for ITAM from E. co/i [22]. While an antiparallel
B-sandwich fold is adopted by the ITA8'¢ domains and o/
folds are found in enzymes ITAm" and ITA™!, the lactose-
specific soluble ITA domains have been predicted to be
highly helical [23-25].

Structural information on the IIB domains is even more
restricted: the three-dimensional IIBgc structure has
been solved by multidimensional NMR [26]; and a high-
resolution X-ray structure [27] as well as a solution NMR
structure [28] have just been published for the cel-
lobiose-specific enzyme I1Beel IIBe¢! is also a member of
the lactose family, which makes the determination of the
enzyme ITAk¢ structure reported here a timely event.

The enzyme IIARe of S. aureus as isolated is a
homotrimer; all its subunits can be phosphorylated as is
indicated in Reactions 1-5 [24,29]. Upon its phosphoryla-
tion the trimer separates into subunits and a significant
change is observed in its circular dichroism (CD) spec-
trum. This has been interpreted as a major conforma-
tional change undergone by the protein [24]. The
phosphorylated and non-phosphorylated forms of S§.
aureus enzyme ITAke differ in their behaviour towards
detergents: in the presence of a positively charged deter-
gent only P-IIAl¢ interacts with the detergent micelle
and migrates towards the cathode during charge shift
electrophoresis [24].

"This paper describes the high-resolution X-ray structure
of enzyme I1A%C from Lactococcus lactis. This protein is
homologous to enzyme IIAk¢ from §. aureus and shows
very similar biochemical characteristics. Enzyme IIAl¢
from L. lactis crystallizes as the functional trimer forming a
nine-helix bundle. With the exception of the active
site histidine residues, no similarities to other known
enzymes IIA are observed but the complementarity of
parts of its surface to HPr seems to be maintained. The
results of our analysis are described in light of existing bio-
chemical and molecular biological data.
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Results and discussion

Structure determination and model quality

Unless stated otherwise, in the following report enzyme
ITA will refer to Lactococcus lactis 11A%¢; enzymes from
other sources or of different specificity will be labelled
accordingly. Crystals of enzyme IIA resisted derivatiza-
tion for a long time. Finally, trimethyllead acetate
(TMLA) was successfully bound when crystals were
transferred into a solution containing a 20 mM concentra-
tion of this reagent and soaked for seven days [17]. Dif-
fraction data from native and derivative crystals were
collected using synchrotron radiation at a wavelength of
0.94 A. Measuring close to an X-ray absorption maximum
for lead provided a combination of isomorphous and
anomalous signals with sufficient phase information to
solve the structure.

The results show that in the crystal each asymmetric unit
contains one copy of the biochemically functional trimer
of enzyme IIA. The individual subunits A, B and C are
related to each other through a noncrystallographic three-
fold rotation axis. For all three subunits, our model con-
tains residues 1-101. The electron density for the
C-terminal residues 102-105 was very weak and could not
be reliably interpreted. The root mean square (rms) devia-
tions between the positions of all mainchain atoms of the
symmetry related molecules are 0.52A for molecules A
and B, 0.32A for molecules A and C and 0.48 A for mol-
ecules B and C, respectively. The largest differences
between individual subunits are observed for amino acids
51-70, which also show high temperature factors for main-
chain as well as sidechain atoms. In addition, our current
model contains 55 water molecules and one metal ion,
most probably Mg2* or Mn2+. The Ca trace of the enzyme
ITA monomer is illustrated in Figure 2a; the fold and
topology of the trimer structure are shown in Figure 2b.
R, and Ry . (as defined in the Materials and methods
section) calculated using all measured reflections in the
resolution range 8A-23A are 18.1% and 24.8%, respec-
tively. The average individual B factor for all atoms in the
trimer is 34.4A2. The geometry of the present molecular
model is consistent with the values generally accepted for
X-ray structures determined at this resolution [30]. The
rms deviations of bond lengths and bond angles from the
standard geometry are 0.012A and 1.35°, respectively.
The Ramachandran plot [31] of the backbone torsion
angles (d,P) shows no residues outside the allowed
regions of the plot, with 97.5% of them located in the most
favoured regions.

Structure of the protein: secondary structure

In enzyme IIA, 83% of the amino acids are in an «-
helical conformation. The three helices I (residues 3-32),
IT (residues 37-65) and III (residues 74-100) are
between 27 and 30 residues long, which corresponds to

approximately eight helical turns and a length of
between 39-45A. Helices 1 and II are connected by
residues 34-36 (Gly-Asp-Phe), which adopt an inverse +y-
turn conformation [32,33]. The C terminus of helix II
and the N terminus of the following helix III are 20A
apart and linked by residues 66-73, which are in a
random coil conformation.

The crystallographically determined secondary structure
of enzyme IIA is in good agreement with the results of the
PHDsec program, a profile network-based secondary
structure prediction package [34,35], which calculated an
a helix content of 75%; the corresponding value for the
closely related (72% amino acid identity) enzyme ITAle
from §. aureus was 86.4%. No further experimental data
regarding secondary structure assignments have been pub-
lished for the L. Jactis enzyme IIA. The secondary struc-
ture of enzyme ITARC from S. aureus, however, has been
studied extensively. Based on CD studies, which esti-
mated the a-helical content of . aurens enzyme I1AR¢ to
lie between 50 and 53% [23,24], and using Chou and
Fasman rules [36,37] Stuber e7 a/. [25] proposed that each
subunit of the §. awreus enzyme is built up from seven
a-helical segments. Given the close relationship between
the L. Jactis and . aureus proteins, our model suggests that
the a-helical content of ITA%c was previously underesti-
mated. Some of the predicted non-helical regions in the
seven a-helix model, when compared to the X-ray struc-
ture, are found to be located in the helical areas where the
helices I, IT and III show deviations from linearity.

Tertiary structure

Each subunit of L. /actis enzyme IIA forms a triple a-
helical bundle, with the N and C termini located at oppo-
site ends of the molecule and both of them exposed to
solvent. If the top part of the molecule is defined as the
one containing the N terminus, then helices I and III run
downwards while helix II points upwards. Three-helical
bundles with a down-up-down topology have been
observed in proteins like spectrin [38], lysin [39] and the
synthetic peptide coil-ser [40].

The helical bundle of enzyme IIA is stabilized by
hydrophobic, electrostatic and hydrogen-bonding inter-
actions. These interactions involve 21 residues between
helices I and II, 33 residues between helices I and III
and 18 residues contributing to contacts between helices
IT and III. Hydrophobic forces are clearly the dominating
contributor to the formation of the three-helical bundle.
The buried surface area corresponds to 1600 A2, equiva-
lent to 26% of the total accessible surface area of the
three helices combined. All three helices deviate from
perfect linearity: helices I and II are bent by 15° and 35°,
respectively; helix III is kinked at Val92, tipping the
helix axis by 40°. As a result, the helices wrap around
each other with two distinct packing patterns for the
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Figure 2

(a)

101

The overall structure of Lactococcus lactis
enzyme lIAk¢, (a) Stereo view of the Ca trace
1 of the monomer; every tenth residue is
marked with a black sphere. (b) Ribbon
diagram of the trimer. The three monomers
are shown in yellow, blue and red; the N and
C termini are indicated. Sidechains (in green)
of the phosphorylation site, His78 (top), and
its neighbour His82 (bottom) are depicted.
(Figure prepared using MOLSCRIPT [70].)

101

N-terminal (or ‘top’) and the C-terminal (or ‘bottom’)
parts of the bundle.

Methionine cluster

In the top part of the enzyme ITA monomer, helices I and
IIT pack closely together. Helix 11, however, is positioned
20A away, connected via an eight residue extended chain.

The resulting gap is filled by the sidechains of the
hydrophobic core. These sidechains include a cluster of
methionines, Metl, Met6, Met60 and Met76. The cluster
extends to Met77 and Met84 and stabilizes the interactions
between the three subunits of enzyme IIA (Fig. 3). In
general, methionines occur relatively infrequently in pro-
teins, but in enzyme IIA their abundance (5.8% of all
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residues) is higher than the 3.8% average found in E. co/i
[41]. Although amino acids with long sidechains are
required in the top part of enzyme IIA to stabilize the
widely separated helices, methionine sidechains occupy
only roughly the same volume as other frequently
observed core residues like leucine, isoleucine or phenyl-
alanine. The property, that sets methionines apart from the
other large hydrophobic residues is their higher flexibility.
Methionine mutants of T4 lysozyme, for example, showed
an increase in their conformational repertoire compared to
the wild-type enzyme [42]. In the case of enzyme IIA, the
high content of methionine residues in the top portion of
the molecule is most likely to be the reason why the C-ter-
minal parts of helices II display high rms deviations
between the subunits of the trimer. The methionine
cluster, however, is not conserved in other enzymes IIA of
the lactose/cellobiose family (Fig. 4) making any general
functional role for it unlikely.

Coiled-coil packing of the enzyme IIA bundle

Closer to the C terminus, after the bend in helix II, the
three-helix bundle converges. For their last five turns, the
three helices are closely packed and the angles between
their axes are 19°, 28° and 16° for helices I and II, II and III,
I and III, respectively. This leads the helices to wrap around
a superhelical axis, forming approximately one-eighth of a
turn of a left-handed supercoil with a pitch of approximately
220A. The wrapping is mostly caused by bending of helix I1
and the 40° kink in helix III, while the small bend in helix I
has little effect. This contrasts with typical a-helical
bundles, in which all helices involved show a similar degree
of bending (for a review of coiled-coils see [43]).

Another characteristic of coiled-coils, a repeating pattern
of seven amino acids, is also present in L. lactis enzyme

Figure 4

Figure 3

Backbone representation of the Lactococcus lactis enzyme IIA"¢c trimer.
View down the trimer axis with the top, N-terminal part of the molecule
facing the viewer. The monomers are coloured in red, blue and purple.
All the methionine residues in enzyme IIA are CPK rendered and
coloured by atom type; carbon is in green and sulphur in yellow.

ITA. In such a heptad repeat, amino acid positions are
conventionally labelled by the letters @ to g with residues
at positions ¢ and & engaging in hydrophobic interactions
between helices. In enzyme A, the # and & residues from

A structure-based sequence alignment of
enzymes IIA from the lactose/cellobiose

family. The secondary structure of lIA"2¢ from Sequence No.
Lactococcus lactis is indicated above the

primary sequence; cylinders represent helices. 11813° L, lactis
The alignment was created with the program 11813¢ 5. aureus
Multiple Sequence Alignment [71]; identical IIAl2C L. casei
residues are shown as white letters on a black IIAl3C 5. mutans

118°®l E. coli

background, conserved residues as white 1 .
IIAS®: B. subtilis

letters on a grey background. The organisms,
their accession codes (SwissProt unless
stated otherwise) and their percentage
identity to the sequence of L. lactis II1Ala are:
L. lactis, P23532; Staphylococcus aureus,

Sequence No.

P02909 (72% identity); Lactobacillus casei, 11a13C I, Jactis
P11502 (51%); Streptococcus mutans, 11al2° 5. aureus
P26426 (69%); Escherichia coli, P17335 mi“ L. casei

(35%); Bacillus subtilis, P46319 (37%); IIAAT 4. mitans

11a°®l E. coli

Bacillus stearothermophilus, PIR locus 11a%€l B, subtilis

E49898 (41%).

11a°®l B, stearotherm.

118°®l B. stearotherm.
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Figure 5
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Packing of the helical bundle of Lactococcus lactis enzyme IIA2c, The
helical bundle packing in each monomer of enzyme IIA resembles a
coiled-coil. Even though Ca atoms are on three different levels, the
sidechains interact in the same planes. (a) Schematic diagram of
interactions in the bottom, C-terminal part of the enzyme [IA monomer.
Helices I, Il and Il are labelled at the top, and their direction is
indicated at the bottom. Only the residues in positions a and d (see
text) are depicted. The Ca atoms of labelled residues are marked with
dots and the orientations of their sidechains are shown with short lines.
(b) Ca trace of the coiled-coil region of the lIA”2 monomers.
Sidechains of residues in positions a and d are rendered in the stick
representation and coloured by atom type. The first and last residues
involved in interactions from each of the helices H1-H3 are numbered.

helices I, II and III interact, forming five hydrophobic
clusters: Ala31-Ala39-11e97, Ala27-Val43-11e93, Leu24-
Ala46-Lys90, Ala20-11e50-Thr86 and Alal7-Ala53-Leu83.
Thr86 and Lys90 participate through the hydrophobic
parts of their sidechains, all other residues occupying one
of the positions ¢ and  are hydrophobic.

The third characteristic of coiled-coils, the hallmark
‘knobs-into-holes’ packing, is also found in enzyme IIA,
although it is accomplished in a rather unique way. Unlike
in spectrin, coil-ser or other more regular coiled-coil
proteins [43], the Ca atoms of the interacting residues & or
d are on three different levels (Fig. 5). Keeping in line with
our original definition of down-up-down topology, the Ca
atoms of residues in helix I are the lowest with their
sidechains pointing upwards. The Ca atoms in helix II are
the highest with their sidechains pointing downwards. Ca

atoms from helix III are located in between those of the
two other helices and the hydrophobic parts of their
sidechains are inserted between their contact partners from
helices 1T and II. As a result, in-register packing of
sidechains in enzyme IIA is similar to that found in other
coiled-coil proteins. Most of the interacting residues ¢ and
d from helices I and II have short sidechains; four of the
interacting residues in helix I and three of those in helix II
are highly conserved alanines.

Several coiled-coil substructures have been identified in
proteins but only one other example of the antiparallel
three-stranded coiled-coil topology found in enzyme ITA
has been published, that of the synthetic peptide coil-ser
[40]. The distances between equivalent points on the
helix axes in the C-terminal part of enzyme IIA vary
between 7.5A and 11.5A. These distances are shorter than
in coil-ser, where the corresponding values are 11.3A to
12.6A. This could be explained by the fact that in coil-ser
Ca atoms « and & are located on the same level (in-regis-
ter) in all three helices creating a less tightly packed
bundle. In addition and contrasting with the large number
of alanine residues in enzyme IIA, leucine and tryptophan
residues are mostly found in positions « and & in coil-ser,
amino acids whose bulky sidechains will also cause a loos-
ening of the packing.

Quaternary structure

Studies in solution have postulated that the functional
entity of enzyme IIAk¢ is a homotrimer [44]. This is also
the form which is found in the asymmetric unit of L. /actis
enzyme ITAR¢ crystals [17]. The subunits of the trimer are
packed against each other forming a nine-helix bundle
quaternary structure with each of the separate subunits
A, B and C contributing three helices (Fig. 2b). The
complex has the overall shape of a triangular prism with
rounded edges, which has been twisted around its long
axis. The height of the prism is 53 A and its cross-section
resembles an equilateral triangle with sides of 40A
each. During oligomerization, a significant part of the
4919 A2 solvent-exposed surface area of each monomer is
buried, therefore, the accessible surface area of the entire
trimer is only 10903A2. For cach individual monomer
1248 10\2, or 26%, of the surface area becomes buried in the
trimeric complex.

The intermolecular interactions within the trimer are
mediated mostly by the symmetry-equivalent helices
AIII, BIII and CIII, which make close contacts around the
threefold symmetry axis. Starting from the N-terminal
part of the molecule, the first five turns of the central
helices are packed in a right-handed bundle with a cross-
ing angle of =35°. For the last three turns of helix III, after
its kink, the bundle becomes left-handed with a +32°
crossing angle (Fig. 6a). Most of the intermolecular inter-
actions between the inner helices obviously take place
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Figure 6

(a)

L

Structural elements stabilizing the lIA%c trimer. (a) Helices Il from
monomers A, B and C. In the top, N-terminal part of the bundle, helices
are packed with a right-handed twist (crossing angle —35) and are
stabilized by the divalent metal ion (green). The presence of the metal
ion might be necessary in order to stabilize the trimeric structure of
enzyme IIA and/or to regulate its assembly. After kinks at Val92, the
bundle becomes left-handed (crossing angle +32). Kinks in the helices
create a hydrophobic cavity which accommodates trimethyllead
acetate (red). (b) Stereo view representation of the coordination
geometry of the divalent metal ion (green sphere) and the hydrogen-

bonding network involving bound water molecules (red spheres),
Asp81, His78 and His82 of the threefold-related subunits. View down
the trimer axis with the C-terminal, bottom part of the enzyme IIA trimer
at the front. The metal ion binds to three water molecules and to the
sidechains of three symmetry-related Asp81 residues. Asp81 acts as a
hydrogen-bond donor to a structural water molecule, which in turn acts
as a hydrogen-bond donor to the Né atom of His78. Hydrogen bonds
and presumed metal—oxygen bonds are depicted with dotted grey
lines. (Figure prepared using the program SETOR [72].)

around the trimers central axis of symmetry. The majority
of these interactions are hydrophobic in nature but there
are also other distinctive structural elements which stabi-
lize the trimer. The sidechains of the three symmetry-
equivalent copies of 'I'yr72 contribute by means of weakly
polar interactions. The three carboxylates of the symme-
try-related Asp81 residues all bind to a metal ion located
in the centre of the trimer on the symmetry axis (Fig. 6b).
Helices III are crucial for the assembly of the trimeric
complex: they interact not only with each other but also
make contacts with residues from two other helices. The
contact area between helix AIIl and helix CI involves 20
residues, the one between helix AIIl and helix BII
involves 11 residues.

Metal ion on the threefold symmetry axis

The discovery of a structural metal ion in enzymes ITA was
unexpected as there was no previous evidence of its pres-
ence. The ion is positioned on the threefold axis and has
octahedral coordination symmetry consistent with divalent
metals. Its ligands are carboxylate oxygens from all three
Asp81 residues as well as three buried water molecules
(Fig. 6). In order to probe the chemical nature of the metal,
we have refined its position without distance restraints,
which resulted in average metal-oxygen distances of 2.09 A.
Although this result still does not allow an unequivocal
identification of the metal, the geometry and ligand—ion
distances are consistent with those of the divalent ions
Mg2+ or Mn2* [45]. As no divalent metals were added to our

crystallization solutions, this metal ion is most likely to be
an integral part of the trimeric structure. Conservation of
Asp81 in homologues of enzyme IIA implies that this
metal-binding site is preserved in these proteins as well. A
very similar MgZ*-binding site with octahedral geometry is
also present on the threefold axis of dUTP pyrophos-
phatase from feline immunodeficiency virus [46]. In this
and possibly other proteins, the presence of divalent metals
could be necessary to regulate assembly and/or to stabilize
the resulting trimeric structure.

Hydrophobic cavity

Oligomerization of enzyme IIA creates a hydrophobic
cavity around the trimer symmetry axis in the lower part
of the molecule (Fig. 6a). This cavity is lined with
hydrophobic residues including Leu88, Leu89 and Val92
and is separated from the actual C terminus by two
hydrophobic layers, comprising the sidechains of Leu96
and Leu99 and their counterparts in the other subunits.
The volume of the cavity is 230A3. The electron-density
map does not show any evidence for the presence of
structurally ordered water molecules or other compounds
in the cavity. It is in this deeply buried cavity that the
trimethyllead ions of the only heavy-atom derivative
bind. The large size of the heavy metal compound, with
an approximate volume of 140A3, combined with the
high concentration of TMLA and the long time of expo-
sure necessary to achieve a reasonable occupancy, sug-
gests molecular breathing as a mechanism to explain the
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entry of the ion into the cavity, especially as an obvious
entry channel is lacking.

Structural classification and comparison to other proteins
Enzyme I1A%c is the first representative of the superfamily
of lactose/cellobiose specific enzymes IIA whose three-
dimensional structure is known. According to the Struc-
tural Classification of Proteins Database [47], it can be
described as a member of the all « class, with a new fold of
a multihelical trimer of identical three-helical subunits. It
does not share structural homology with any of the other
three known enzyme IIA families of the P'TS system (i.e.
the ones specific for glucose, mannose or mannitol trans-
port). Enzyme IIA from the glucose-specific family dis-
plays B topology, while both the mannose and mannitol
families have mixed o/f topologies [15]. While enzyme
ITA™an forms a functional dimer, neither enzyme I1A#k nor
enzyme ITA™! require oligomerization for activity. A
search of the Protein Data Bank [48] with the program
DALI [49] using the enzyme IIA trimer as a search model
revealed no proteins with any significant degree of struc-
tural homology, identifying enzyme IIA as unique. To the
best of our knowledge, the fold of the nine-helix bundle
has not been characterized previously. Searches were also
performed using the enzyme IIA monomer and resulted
only in rather low similarity scores. T'he highest score was
obtained in a comparison with the ligand-binding domain
of the bacterial aspartate receptor (PDB code 2LIG; [50]),
which forms a dimer of two identical four-helix subunits.
A superimposition of the two proteins showed that 81 Ca
atoms from three of the receptor helices can be superim-
posed with Ca atoms from the three helices of enzyme
IIA with an rms deviation of 3.0A.

The active site and phosphate transfer

Based on sequence alignments, site-specific mutagenesis
[51] and NMR studies [52], it has previously been sug-
gested that HPr phosphorylates enzyme ITAl¢ on the Ne
atom of His78. The crystal structure reveals that His78 is
part of helix III, its sidechain protruding into a large
groove between helices I and II of a neighbouring subunit
(Fig. 7a). The trimer of enzyme IIA has three phosphory-
lation sites, related to each other by the threefold rota-
tional symmetry and therefore 120° apart. Each His78 is in
close proximity to two other histidines, His82 from the
same subunit (3A away) and His54 from another subunit
(7A away) (Fig. 7b). The close proximity between two his-
tidines may not be so surprising as most of the other pro-
teins from the PTS pathway seem to require an auxiliary
charged residue, either histidine or arginine, to stabilize
the histidine-bound phosphate. The His78-His82 pair of
enzyme IIA can be fairly well superimposed onto the
His83—His68 pair of 11Aslc (PDB code 1GPR; [21]), while
the rest of the two structures are completely unrelated. It
is not clear why His82 is not conserved in IIAR¢ from Lac-
tobacillus casei but in this organism its function might be

replaced by residues corresponding to Arg21 or His54,
residues also close to His78.

Although an electron-density map of 2.3 A resolution will
not allow us to locate the nitrogen atoms in the histidine
sidechains, their positions can be deduced based on possi-
ble hydrogen-bonding patterns. In the case of enzyme
ITA, there is a water molecule located deep inside the
structure and within hydrogen-bonding distance of His78,
Asp81 and GIn80 (Figs 6b,7b). The presence of this highly
anchored water molecule in the active site provides addi-
tional rigidity to the phosphorylation site and fixes the
imidazol ring of His78 in a distinct orientation. As His78
has a pK value of 6.0 [52] and is therefore mostly deproto-
nated at physiological pH, its N& atom will not carry a
hydrogen. It is ready to undergo a nucleophilic attack on
the phosphoryl group of an approaching P-HPr molecule.
This suggests that the protonated N atom of His78 is
hydrogen bonded to the active-site water and the water
molecule then acts as a hydrogen-bond donor to Asp81 as
well as to GIn80. The orientations of Asp81 and GIn80 are
then stabilized further: the three Asp81 residues of sub-
units A, B and C are ligands of the central metal ion and
GIn80 is part of a network of hydrogen bonds involving
GIn57 and His54.

Protein interactions involving enzyme II1A

The structure of enzyme IIA can be of help in elucidating
the mechanism of phosphate transfer in the lactose/cel-
lobiose PTS family. As a first step in this direction,
docking between enzyme IIAl and HPr was attempted.
Once the coordinates of IIB¢¢! become available, docking
studies involving enzyme IIA®¢ and enzyme IIBc! will
also be possible. No conclusive results might be obtained,
however, as upon phosphorylation enzyme IIA shows a
large change in its CD spectrum and might even separate
into its individual subunits [24].

All crystallographically determined HPr structures are of
the free form of the protein; only one representation of its
phosphorylated form is available (PDB entry code 1PFH,;
[53]), that of a family of 20 NMR structures of K. co/i HPr.
This assembly provides a picture of the phosphorylated
state of the protein where the major structural differences
are concentrated in the active site. It is justified to use
the E. co/i HPr model in a docking exercise with enzyme
ITA as the PTS of E. co/i and L. lactis are homologous
(Fig. 4); E. co/i HPr can even phosphorylate enzymes
ITA"¢ from gram-positive bacteria iz vitro (WH, unpub-
lished results). The docking procedure used for the
enzyme IIAR-HPr complex was similar to the one
described for the enzyme IIA8~HPr complex [54]. A
family of phosphorylated HPr molecules, determined by
NMR methods, was linked to the enzyme ITAR¢ trimer
with the phosphorus atom positioned ~2.0A away from
the Ne atom of the active-site His78. The orientation of
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Figure 7

Stereo view of the active site of enzyme lIAke,
(a) Colour-coded solvent-accessible surface
area of the enzyme IIA trimer: red, negatively
charged; blue, positively charged; yellow,
hydrophobic; and white, polar groups. His78
and His82 are CPK rendered with carbon
atoms in green and nitrogen in blue. (b) The
2.3A 2F —F_ electron-density map displayed
for residues close to the phosphorylation site,
including His78, the metal ion (green) and the
three coordinating water molecules (red). The
electron density is contoured at 1.5¢. (Figure
generated in SETOR [72].)

both molecules was further adjusted so that the HPr
nitrogen atom carrying the phosphate, the phosphate
atom and Ne of His78;;, were connected in a straight line.
The family of HPr structures was then rotated around the
N-P-N axis to minimize clashes and short contacts with
enzyme IIA. In the actual docking, only the complemen-
tarity between the protein backbones, an important
element in protein—protein recognition [55], was used to
evaluate the best orientation of the molecules. Visual
inspection of the complex revealed that within approxi-
mately 20°, the range of orientations does not lead to
major overlaps between the two proteins.

In the modelled complex (Fig. 8), the interaction surface
of enzyme IIA is contributed mostly by the region
between helices I and II of two neighbouring subunits.
The HPr residues which contact this area include two

turns: residues 10-13 and 56-59. The surface of HPr
between turns 3740 and 56-59 as well as between
residues 15-16 and 51-55 forms a large groove, which is
filled by the C-terminal part of helix II of enzyme IIA.
The surface area occluded by the interactions between
enzyme IIA and the average structure of P-HPr (~1700 A?)
is larger than the 1100A%2 of the enzyme IIA%—HPr
complex [54] and close to the values observed in
antigen—antibody complexes [56,57].

The interactions between enzyme ITA¢ and HPr are stabi-
lized by electrostatic interactions between Lys23;, and
Glu85;p,, and between His78;, and His—Pyyp,. In addition,
further stabilization results from a few small hydrophobic
patches involving contacts between Leu25;;, and Pro10p,
and between Ala62;, and Ala65;;, and Phe48;p. Glu85 of
HPr has not been implicated in electrostatic interactions of
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Figure 8

Stereo view representation of a modelled
enzyme IIA-HPr complex. With knowledge of
the phosphorylation site, the family of NMR
structures of P—HPr (PDB code 1PFH,
coloured in red) was docked into the
crystallographic model of enzyme IIA. The
P—HPr ensemble of structures was rotated
around the apical axis (red line) to minimize
clashes and short contacts between the two
proteins. Residues possibly involved in
electrostatic interaction are Glu64,, and
Argl7,,,. Sidechains of His78,,, His82,, and
P—His15,,;, are displayed and coloured by
atom type.

other modelled HPr complexes [22,54], in addition, Lys23
is not conserved in homologous enzymes IIAR¢ making it
most likely that their electrostatic interaction is coinciden-
tal and not essential for complex formation. ProlOpp,
makes hydrophobic contacts in the modelled enzyme
[TAman_HPr complex [22] and Met48yp, of B. subtilis,
which is replaced by Phe48 in E. co/i HPr, makes several
hydrophobic contacts in the enzyme IIA#—HPr model.
The rest of the interacting surfaces of enzyme ITA and HPr
are covered by polar residues which can stabilize the
complex by means of hydrogen bonding.

It is surprising that the characteristic electrostatic inter-
action observed in other enzyme IIA-HPr complexes,
between a negatively charged residue on enzyme ITA and
the highly conserved Argl7;;p,, is most likely missing in
the enzyme ITAR<-HPr complex. The closest residue in
enzyme ITAR¢ which might possibly make such a contact is
the highly conserved Glu64, but it is slightly buried inside
the enzyme ITA®¢ molecule and located 6-10 A from the
various conformations of Argl7 in the ensemble of HPr
structures. Of course, it is conceivable that complex for-
mation could induce conformational changes which would
expose Glu64 on the surface making it available for inter-
action with Argl7,p. In such a case, however, this inter-
action could not be a part of the initial driving force of
complex formation, but would contribute to the stabiliza-
tion of the preformed complex.

The proposed model is in agreement with what would be
expected for an enzyme IIA-HPr interaction. As enzyme
ITA and HPr molecules have to readily separate after the
phosphate transfer, the enzyme IIA-HPr complexes
should not be characterized by too high an affinity. In the
modelled complex between IIAR¢ and HPr, the role of
hydrophobic patches and electrostatic bridges is not very

profound, despite the larger interaction surface as com-
pared to other enzyme IIA-HPr complexes. In addition,
our current model would make it difficult to explain how
the IIAR—HPr interaction could be directly influenced by
Ser46 of HPr, a residue whose phosphorylation state has
been implicated in the lactose-specific P'T'S regulation
[58]. Ser46 of HPr is not located near the binding interface
and our results therefore support the interpretation that
phosphorylation of Ser46 interferes with the phosphoryl
transfer from enzyme I to HPr [59].

Structural implications for phase catalysis

The model of phosphate transfer in enzymes IIA from the
lactose-specific P'TS system suggested by Deutscher ez a/.
[24], designates enzyme IIAl¢ as a phase transfer catalyst.
After phosphorylation, the hydrophobicity of enzyme IIA
increases. This fact lead them to postulate that phosphory-
lation causes conformational changes, which lead to the
separation of the subunits when they contact the mem-
brane. The phosphorylated subunits would then ‘float’ in
the membrane before transferring their phosphate groups
to enzyme I[IB, which in this specific case is fused to the
channel component of the PTS system, the transmem-
brane protein enzyme I1C.

Several aspects of the enzyme IIA crystal structure can be
interpreted in favour of the Deutscher model. The confor-
mation of enzyme IIA is stabilized mostly by hydrophobic
interactions and the protein’s internal cavity decreases the
stability of the complex. The strongest force holding the
subunits together is the interaction between the three
Asp81 residues and the central metal ion. If, however,
these ion-ligand interactions are disturbed, then the nega-
tive charges on the aspartates would lead to repulsion
between the subunits. Approximately 490 A2 of hydropho-
bic surface area per subunit buried in the enzyme IIA
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trimer, would become exposed after subunit separation.
The hydrophobic sidechains previously engaged in trimer
contacts would now become available for interactions with
the plasma membrane.

The question which remains unanswered is how the phos-
phorylation of enzyme IIA or the formation of the enzyme
ITA-HPr complex could translate into a signal for subunit
dissociation. Based on the current structure, we find that a
mechanism that incorporates the liberation of the central
metal ion as an early step would be a very appealing possi-
bility. Additional insight into the nature of the phosphory-
lated state of enzyme ITA might be obtained from docking
experiments involving enzyme ITAR¢ and enzyme ITBeel
[27]. If the phosphorylated form of enzyme IIA separates
into subunits the surface of 1IB¢! would not be expected
to show complementarity to the trimeric structure; even
the short 105 amino acid peptide chain of the monomer
could undergo major structural changes once it is removed
from the stabilizing influence of the neighbouring sub-
units. On the other hand, if enzyme IIA remains in the
trimeric form after phosphorylation, changes in the protein
will be more local making it more feasible to construct a
model of phosphorylated enzyme ITA docked to enzyme
IIB. To address these questions from the experimental
point, we currently aim our studies at the stabilization of
the phosphorylated form of enzyme I1Ak¢, In parallel, we
are pursuing the crystallization of several complexes
involving enzyme ITAlc,

Biological implications

The phosphoenolpyruvate: sugar phosphotransferase
system (PTS) is a multicomponent bacterial system
which invokes a series of phosphoryl transfers between
proteins. Its purpose is to import and phosphorylate
sugars; it is also involved in several regulatory events,
acting as a primitive signal transduction system. This
additional, regulatory function of the PTS seems to be
especially intriguing as several structures from the PTS
reveal similarities and links to other bacterial systems.
Recent structural studies of the proteins from the PTS
are focused on determining the structures of missing
members of the system, so that mechanistic models of
phosphate transfer can be proposed.

The PTS consists of two non-specific proteins, enzyme |
and HPr, which act in conjunction with a set of sugar-
specific enzymes I1. The latter enzymes are multiprotein
permeases composed of the intracellular enzymes I1A
and IIB and a transmembrane channel, enzyme IIC.
Four different enzyme 11 families are known and the
members of these families are specific for different
sugars: glucose, lactose/cellobiose, mannose and manni-
tol. Many HPr structures are known and the first high-
resolution structure of an enzyme IIB was recently
published. Enzyme I1B belongs to the lactose/cellobiose

family, and therefore provides opportunities for studying
the spatial arrangements of possible 11 A-11B complexes.

The structure of enzyme Il1Alactose reveals that it is a
functional trimer with a novel topology of a nine-
helical bundle. There is no resemblance to the B or o/p
topologies of other enzymes I1A and the only common
structural motif remaining is two neighbouring histi-
dine residues at the phosphorylation site. The trimer is
stabilized by a centrally located metal ion, which sug-
gests that the presence of the metal might be involved
in trimer assembly and regulation.

Based on the current structure of enzyme I1Ala¢ one can
further explore the hypothesis put forward by Deutscher
et al., which proposes that after phosphorylation and
upon contact with the bacterial membrane enzyme I11A
separates into subunits. In favour of this hypothesis, a
hydrophobic cavity was observed in the centre of the
trimer which could decrease the stability of the complex.
In addition, the binding of a large heavy-atom group in
this cavity suggests that the protein can undergo breath-
ing motions, which would also facilitate the separation
of the subunits.

Although structural information about the phosphory-
lated forms of enzymes I1A and IIB is still lacking, it is
now at least possible to start to study the interactions
between the various components of a single pathway in
structural terms. Surface complementarity, as
described here for P-HPr and enzyme I1Alac, should be
a good indicator of the probability of the structures of
complexes. Ultimately, however, experimental determi-
nation of the molecular structures of these complexes
will be necessary.

Materials and methods

Protein purification and crystallization

Enzyme lIA2c was cloned into E. coli, overexpressed and purified
according to the procedure previously described [3]. The crystalliza-
tion of this protein has been reported previously [17]. Crystals were
grown by the sitting-drop method at 25°C, equilibrating 10 mg mi-1 of
protein in 150mM sodium/potassium phosphate buffer, pH 6.4,
against a reservoir of 400 mM sodium/potassium phosphate buffer of
the same pH. An isomorphous heavy-atom derivative was obtained by
soaking native crystals for seven days in 400 mM sodium/potassium
phosphate buffer, pH 6.4, containing 20 mM TMLA. Native and deriv-
ative X-ray diffraction data were collected at room temperature from a
single crystal each on the X31 beamline of the EMBL outstation at
the Deutsches Elektronen-Synchrotron (DESY) source in Hamburg,
Germany, using the MAR image-plate detector. A wavelength of X\
=0.94 A was used to increase the anomalous signal from the lead
derivative. Weak diffraction was observed to 2 A, but as Reym values
increased to more than 40% at resolutions higher than 2.3 A, data
collection and processing were truncated at this resolution. Analysis
of the data using the program package DENZO [60] indicated
that the crystals of L. lactis enzyme IlAla¢ belong to the tetragonal
space group P4,2,2 or its enantiomorph P4,2,2 (distortion index
0.19% versus 8.83% for primitive cubic) with unit-cell parameters
a=b=90.9A c=824A
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Figure 9

Electron-density maps calculated for a
segment of helix Ill and contoured at 1.5¢
levels. The final model of enzyme lIA is
superimposed onto the electron density. (a)
Solvent-flattened SIRAS experimental
electron-density map. (b) Final 2F —F_
electron-density map.
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Phase determination

The structure was solved using a combination of single isomorphous
replacement (SIR), single-wavelength anomalous scattering (SAS) and
solvent-flattening techniques. The presence and location of the heavy
atom binding site was determined using the program package HEAVY
[61]. The HASSP routine of this program uses a space group symme-
try minimum method to obtain sets of atomic sites consistent with a
Patterson function. Only one heavy atom binding site was located from
this program, with the height of the peak equal to 6.6 times the stan-
dard deviation of the map. The probability for a chance occurrence of
this interpretation was given as 0.000. The next highest peak was only
1.3 times the standard deviation.

All subsequent phase calculations were carried out using the
program package PHASES [62]. The presence of an anomalous
signal in the diffraction data was confirmed using Patterson methods.
An anomalous difference Patterson map showed peaks at the same
locations as the isomorphous map. The electron-density map calcu-
lated based on SIR/SAS signals was subjected to phase improve-
ment techniques. Sixteen rounds of protein-boundary determination,
solvent flattening and phase combination with experimental phases

were carried out. The calculated map contained clear solvent chan-
nels and well defined electron density for the helical parts of the
protein (Fig. 9a).

To further improve the map, we also attempted to include symmetry-
averaging in the phase calculations. The noncrystallographic symme-
try (NCS) of the trimer, which was initially determined using a
self-rotation function, was evaluated using real space techniques. A
solvent flattened electron-density map was skewed to the orientation
of NCS and centered around the heavy atom binding site. After the
trimer mask was created, the symmetry of the molecule was refined
using the Isgrot function [62]. A shift of the NCS axis of 5° was
observed. The refined position of the NCS axis was used in symme-
try-averaging phase calculations, but did not result in an increase of
the mean figure of merit from that of the solvent flattened map.

Model building, refinement and structure analysis.

The initial model of enzyme IlA was built using the graphics program O
[63,64]. The location of the trimer in the unit cell was determined from
the position of the TMLA-binding site, which was surrounded by the
electron density of several a helices. Already in the early stages of map
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Table 1

Data collection, phasing statistics and refinement.

Native TMLA derivative
Resolution (A) 2.3 2.3
No. of unique reflections 15009 15417
Multiplicity 6.1 4.8
<I>/a(l) 18.2/4.9* 14.9/5.0*
Completeness (%) 97.7/98.9* 99.8/99.9*
Reyma' 8.6/36.3* 10.9/34.0*
Rdem,(l)I N/A 15.0/21.7
Phasing statistics
Number of sites 1
Rcullis(%) 56
eraut(%) 82
Phasing power 277
Mean figure of merit 0.783
Refinement statistics
R factor (%)8 181
Free R factor” 24.8
Rms bond length (A) 0.012
Rms bond angle (°) 1.35
Number of water molecules 55
Number of metal ions 1
Average B factor (A2) 344

* In highest resolution range (2.4—-2.3 A). TRsym(,)z(2|l—<1> |/ 1) x
100, where I is the observed intensity, and <I> is the average
intensity obtained from multiple observations of symmetry-related
reflections. *R e,y = (Z|Ip—Iy|/ Z I) x 100, where I and I, are the
observed reflection intensities for the native and heavy-atom
substituted proteins, respectively, calculated using unique reflections.
SR factor =Z|F,—F/|/ ZF,. #10% of reflections were used for R

interpretation, it became obvious that the heavy atom binding site was
located in the centre of the trimeric complex and that the structure of
the protein monomer consisted of three helices. The mainchain for one
of the molecules in the asymmetric unit showed continuous electron
density, nevertheless superimposed maps as well as averaged maps at
different resolution cut-offs were used for the initial chain tracing.

The initial model was refined using the program package X-PLOR [65].
The refinement protocol employed slow cooling of the system from
4000K to room temperature, followed by group B-factor refinement.
Strict noncrystallographic constraints were used in these cycles of
refinement. The molecular mask was calculated using the program
MAMA from the RAVE suite of programs [66] and the model was rebuilt
using electron-density maps which were symmetry-averaged using the
program AVE (RAVE [66]). In the subsequent cycles of refinement, non-
crystallographic restraints were used with decreasing force constants
until the restraints were finally eliminated. The R, factor based on
1109 reflections (representing 10% of the data between 8-2.3 A) was
used in all cycles of refinement in order to prevent over-fitting. The final
refinement statistics are presented in Table 1 and an example of the final
2F —F_ electron-density map is shown in Figure 9b.

Assignment of the secondary structure of enzyme IIA and analysis of
protein packing was carried out using the program PROMOTIF [67]. Rms
deviations between symmetry-related molecules were calculated with the
program LSQMAN (package DEJAVU [68]). Surface area and cavity
volume calculations were performed using the program GRASP [69].

Accession numbers
The coordinates of enzyme IlIAc have been deposited with the
Brookhaven Protein Data Bank under the entry code 1E2A.
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