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Background: The three-dimensional structures of histi-
dine-containing phosphocarrier protein (HPr), a member
of the phosphoenolpyruvate:sugar phosphotransferase sys-
tem (PTS), have been determined from Gram-negative
and Gram-positive bacteria. The structure of HPr
reported here for Mycoplasma capricolum is the first protein
structure to be determined for this class of organism.
Comparative structural studies with the bacterial proteins
highlight sequence-structure correlations relevant to pro-
posals about the evolutionary origin of mycoplasmas.
Results: The crystal structure of HPr from M. capricolum
has been determined and refined at 1.8 A resolution,
revealing the same overall fold as that of other HPrs of
known structure. However, mycoplasma HPr resembles
HPrs from Gram-positive bacteria more closely than
those from Gram-negative bacteria. As in HPrs from
Bacillus subtilis and Eschen'chia coli, the phosphoryl group
carrier (Hisl5) forms the N-terminal cap of a helix, but in
contrast to the other crystal structures, the side chain of

the adjacent Argl7 is conformationally disordered. A sul-
fate ion interacts with Ser46, a residue known to be phos-
phorylated in a regulatory manner.
Conclusions: The greater degree of structural similarity
of the M. capricolum HPr to HPrs from Gram-positive
rather than Gram-negative bacteria is consistent with the
proposal that mycoplasma evolved from Gram-positive
bacteria. The proposal that no major conformational
transition is required for phosphorylation of the active-
site histidine is reinforced by comparing the crystal struc-
tures with and without an anion in the active site. The
conformational disorder of the Argl7 side chain suggests
that its guanidinium group does not have to form specific
interactions with other protein groups before phosphory-
lation at Hisl5. The association of a sulfate ion with
Ser46 serves as a model for HPr(Ser46-P). As there is
no evidence of a conformational change accompanying
Ser46 phosphorylation, the inhibitory effect of this event
may be attributable to altered surface electrostatics.
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Introduction
Mycoplasmas, the smallest and simplest self-replicating
prokaryotes, lack a rigid cell wall and are surrounded
only by the cytoplasmic membrane [1,2]. It has been sug-
gested that they evolved from Gram-positive bacteria,
with many non-essential genes eliminated, resulting in a
much smaller genome [3]. Hexose transport via the phos-
phoenolpyruvate:sugar phosphotransferase system (PTS)
apparently is one of the essential processes that has been
retained. This system uses phosphoenolpyruvate for the
uptake of various sugars across the cytoplasmic mem-
brane. It is a multicomponent system, consisting of two
general proteins - Enzyme I and histidine-containing
phosphocarrier protein (HPr) - and a set of sugar-spe-
cific permeases collectively named Enzymes II (compris-
ing three domains, IIA, IIB and IIC). Coincident with
transport, the sugar is also phosphorylated by Enzyme II.
For a recent review of the PTS, see [4].

The PTS proteins of Mycoplasma capricolum have been
described [5]. The HPr from this mycoplasma has been

purified and found to function interchangeably with the
Escherichia coli PTS components [6]. Recently, the
cloning, sequencing and characterization of HPr from
M. capricolum have been reported, revealing amino acid
sequence homology with the other HPrs of known
sequence [7]. The level of sequence identity with HPrs
from Gram-positive bacteria is higher than with those
from Gram-negative bacteria, which is consistent with
the hypothesis concerning the evolutionary relationship
between mycoplasmas and Gram-positive bacteria. A
unique feature of the M. capricolum HPr is the decrease in
the content of glutamic acid residues, resulting in a rather
high isoelectric point (pI -9) compared with the acidic
isoelectric point characteristic of all other HPrs [8].

HPr transfers a phosphoryl group from Enzyme I to the
IIA domain of hexose-specific PTS permeases, in a reac-
tion mediated by the phosphorylation of the N8 atom of
Hisl5 in HPr. As in Gram-positive bacteria, HPr from M.
capricolum can be phosphorylated at Ser46 by an ATP-
dependent HPr-specific kinase [7]. Although Ser46 is also
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conserved in HPrs from Gram-negative bacteria, it can-
not be phosphorylated in these organisms. The phospho-
rylation at Ser46 impairs phosphorylation at Hisl5 and
vice versa [9]. It has been suggested that HPr(Ser-P) plays a
regulatory role in sugar transport in Gram-positive bacte-
ria by binding to permeases to promote inducer exclusion
and inducer expulsion (inhibition of sugar uptake and
regulation of sugar efflux and uptake, respectively) [10].

The first example of a protein structure from mycoplasma,
that of the HPr from M. capricolum, is presented here. The
crystal structure determination at 1.8 A resolution has
facilitated the comparison with other HPrs with known
crystal structures. These include HPr from Bacillus subtilis
(two mutants, Ser83-Cys and Ser46-Asp, at high and
low ionic strength, respectively [11,12], with Protein Data
Bank [PDB] entry codes 2HPR and 1SPH), E. coli
([13]; PDB entry code 1POH), and Streptococcus faecalis
([14,15]; PDB entry code 1PTF). Some aspects of the
NMR structures from E. coli ([16-18]; PDB entry code
1HDN), B. subtilis ([19]; PDB entry code 1HID) and
Staphylococcus aureus [20] are also discussed, but the ambi-
guity of assessing the level of definition of the NMR
structures relative to the X-ray structures revented detailed
atomic comparisons.

Results and discussion
Quality of the model
The model of HPr from M. capricolum refined at 1.8 A
resolution consists of amino acid residues 2-89, one sul-
fate ion and 60 water molecules. The conventional
R-factor on F, R(F) (see footnote), is 0.170 for data for
which F>4r(F) and 0.186 for all data. The refinement
minimizes the discrepancy between observed and calcu-
lated intensities [21], and the crystallographic R-factor
on F2 , R(F2 ) (see footnote), is 0.44 for all data. The root
mean square (rms) deviations from ideal bond length and
bond angle values of the standard geometry as compiled
by Engh and Huber [22] are 0.02 A and 2.70 respectively.
The overall temperature factor is 23.7 A2. Only one
non-glycine residue, Asn38, has sterically strained main-
chain dihedral angles. There is no electron density associ-
ated with the side chain of Argl7 beyond the CB atom;
therefore, the corresponding atoms are not included
in the model. Difference Fourier electron-density maps
are shown for the regions around the active-site histidine
and Ser46 (Fig. 1).

Overall structure
Consistent with the amino acid sequence homology of
M. capricolum HPr with other HPrs (Table 1), HPr from
M. capricolum has the same folding topology (open-face
,3-sandwich; Fig. 2) as that of all other HPrs of known
structure [23]. The similarity of the fold is highlighted in
Figure 3, which shows the superposition of HPr from
M. capricolum with the crystal structures of three other

HPrs. The rms deviations in Co coordinates are given in
Table 2, revealing a better agreement in atomic positions
of the mycoplasma HPr with HPrs from Gram-positive
bacteria than with the HPr from the Gram-negative bac-
terium E. coli. This correlates well with the level of
sequence identity, and is consistent with the proposal that
mycoplasmas evolved from Gram-positive bacteria [7].
The largest differences in the backbone conformation are
associated with four regions: the active site; the loop
region comprising residues 50-53 (where the E. coli HPr
structure deviates from all other known structures); the
region corresponding to the C-terminal helix and the
following few C-terminal residues; and the loop region
comprising residues 38-40, where the structure of the
M. capricoh4m HPr shows deviations from the other struc-
tures. The details of this comparison are discussed below.

The active site
On the basis of the structure of M. capricolum HPr the def-
inition of the active-site region has been extended to
include amino acid residues 10-18, because AsplO of the
mycoplasma HPr interacts with the active-site residue
His15. The analogous interaction observed in the high-
salt crystal form of the B. subtilis HPr is between Serl2
and Hisl5 [11]. Residues 10-18 connect the first 3-strand
to the first a-helix, and residues 16-18 form the N termi-
nus of the helix with Hisl5 capping it (Fig. 4). The key
functional amino acid residues are Hisl5 and Argl7.

Protonation state of His15: A unique feature of the
M. capricolum HPr structure is the electrostatic interaction
between the Ne atom of Hisl5 and the 08 atom of
Asp10. This type of interaction indicates that they share a
proton. Other interactions are selected in the crystal
structures of HPrs from E. coli and from B. subtilis, where
residue 10 is an alanine. In E. coli HPr, the Ne atom of
Hisl5 interacts with the carboxylate group of the C ter-
minus. This is a feature found only in the E. coli protein
and it arises because its polypeptide chain is shorter than
that of the Gram-positive bacteria and mycoplasma HPrs.
Residue 12 is a serine in B. subtilis HPr and, in the high-
salt crystal, the O-y atom of Serl2 interacts with the
N8 atom of His15, whereas in the low-salt crystal no
interaction is observed.

The pKa of Hisl5 of M. capricolum HPr has not been
determined. Reported values for other HPrs are in the
range of 5.6-6.1 [24-26]. The interaction formed
between His15 and AsplO in the mycoplasma HPr
implies that the pKa of the histidine may be elevated. On
the other hand, the pH of the crystals was 7.0. It remains
to be determined whether the NB atom also carries a
proton. However, its environment at the N terminus of a
helix and in the vicinity of Argl7 is similar to that of
other HPrs. Such an arrangement seems to be exquisitely
designed to assure that the NS atom is free and poised to
accept a phosphoryl group.

R(F)=Zh I Fo - Fc I I/h I Fo , where F and Fc are the observed and calculated structure factors, respectively.
R(F2)= [Th [w(Fo2-Fc2)2 ]/h[W (Fo2)2 °j.5, where w=1/[a 2(Fo2)+(0.5P) 2+532P] and P=[Maximum of (0 or Fo2)+2 x F2]/3.
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Fig. 1. Stereoview of the Fourier electron-
density map associated with (a) residues
10, 14-17 and (b) 44-47 in HPr from
M. capricolum. The coefficients 2Fo-F c
and calculated phases are used. The
maps are contoured at the 1a level. No
electron density is associated with the
side chain of Arg17 beyond CB. (Figure
drawn using TURBO-FRODO [37].)

Sutfate-bound and sufate-free active sites: The superposition
of the Ca atoms of residues 10-19 of the active sites of
all HPrs of known crystal structure reveals that, with the
exception of the S. faecalis HPr, the main-chain confor-
mation of the active site and the disposition of His15 are
very similar (Fig. 5). This may have functional implica-
tions because a sulfate ion is associated with the active
site of some of the structures but not with others. The
crystals of the Ser83--Cys HPr from B. subtilis [11] and
of HPr from E. coli [13] were obtained in the presence of
high concentrations of ammonium sulfate and lithium
sulfate, respectively, and a sulfate anion is associated with
the active site in both cases. In contrast, the mycoplasma
HPr lacks a sulfate in the active site although it too was
crystallized from solutions containing a high ammonium
sulfate concentration. Finally, no anion is associated with

the low-salt crystal form of the Ser46--Asp HPr from
B. subtilis. The small differences in the positions of the
various Hisl5 residues (excluding that of S. faecalis),
which are in the range 1-2.5 A, may be related to the
exact modes of sulfate binding and the electrostatic inter-
actions of the Ne atoms.

The sulfate ion has been proposed to promote a confor-
mation of HPr that resembles the phosphorylated mol-
ecule [11]. It was suggested that the negatively charged
phosphohistidine interacts electrostatically with the
amide groups at the N terminus of the ensuing helix and
with the guanidinium group of Argl7. Consistent with
this proposal, in the high-salt form of the B. subtilis
HPr, the sulfate ion forms a direct electrostatic inter-
action with Argl7, and an indirect interaction with the

Table 1. Comparison of the amino acid sequences* of all HPrs with known molecular structure.

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
M. capricolum Makfs aiitd kvGH aRPAs vlake Askfs sniti ianeK qgnlK Simnv mamai ktgte iTIqa dGnDa dqaiq aikqt midta Liqg
B. subtilis Maqkt fkvta dsGiH aRPAt vlvqt Askyd advnl eyngK tvnlK Simgv mslgi akgae iTIsa sGaDe ndaln aleet mkseg Lge
S. faecalis Mekke fhiva etGiH aRPAt llvqt Askfn sdinl eykgK svnlK Simgv mslgv gqgsd vTItv dGaDe aegma aivet lqkeg Laeq
E. coli Mfqqe vtita pnGlH tRPAa qfvke Akgft seitv tsngK sasaK Slfkl qtlgl tqgtv vTIsa eGeDe qkave hlvkl maele
S. aureus Meqns yniid etGiH aRPAt mlvqt Askfd sdiql eyngK kvnlK Simgv mslgv gkdae iTIya dGsDe sdaiq aisdv Iskeg Lt

*Fully conserved residues are shown by upper-case letters.

(a)

P 10

I

(b)

S
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N-terminal amides of the helix, via a water molecule that
also interacts with the No atom of His15. In the E. coli
HPr, the sulfate interacts directly with the helix amide
groups (similar to the interaction of the water molecule
in the B. subtilis HPr), but does not interact with the
Argl7 side chain, which projects away from the active
site because of crystal contacts.

Fig. 2. The overall fold of HPr from M. capricolum. The active-
site residue, His15, and Ser46 with its associated sulfate ion are
shown in ball-and-stick representation. (Figure drawn with
MOLSCRIPT [41 ].)

Fig. 3. Superposition of the crystal structures of HPr from
M. capricolum (red, MC), B. subtilis (high-salt crystal, dark blue;
low-salt crystal, magenta), E. coli (yellow) and S. faecalis (green).
Virtual bonds between Ca atoms are drawn. (Figure drawn with
SETOR [42].)

Despite the lack of an anion in the active site of M. capri-
colum HPr and in the low-salt form of B. subtilis HPr, the
His15 side chain adopts the same conformation as is
observed in the presence of sulfate. Moreover, in each
type of HPr there is a similar interaction with the No
atom of His5: in E. coli HPr and in the high-salt form of
B. subtilis HPr the interaction is with a sulfate ion (Fig. 4)
or with a water that is bridged to a sulfate, respectively.
In the mycoplasma HPr and in the low-salt form of
B. subtilis HPr (molecule A), the equivalent interaction is
with a water molecule. The position of the water mol-
ecule is approximately the same as the position of the sul-
fate-bridging water molecule in the high-salt B. subtilis
HPr, and the position of one sulfate oxygen in the E. coli
HPr. If the sulfate-bound and sulfate-free structures are
good models for the phosphorylated and unphosphory-
lated forms of HPr, respectively, the implication is that
the main chain of the active-site segment and the side
chain of Hisl5 do not undergo substantial conforma-
tional transitions upon phosphorylation.

Crystals at low pH: The only example of a different side-
chain conformation of Hisl5 is that of the crystal struc-
ture of HPr from S. faecalis. The S. faecalis structure was
determined at pH 5, below the pKa of Hisl5, and with-
out an anion in the active site [15]. To avoid unaccept-
able electrostatic interactions, the side chain of the
predominantly positively charged histidine adopts a con-
formation in which the imidazole ring is remote from
the N terminus of the ensuing helix. In addition, the
main chain of Alal6 in S. faecalis HPr adopts a sterically
strained conformation not observed in any of the other
HPr structures. Jia et al. [15] proposed that switching
between the strained and unstrained conformations plays
a mechanistic role in phosphorylation. However, the
low-salt HPr structure from B. subtilis [12] and the
mycoplasma HPr structure described here contradict this
proposal, because no steric strain is observed in Ala16 of
these molecules. The structural reason for the steric strain
associated with the main-chain dihedral angles of Ala16
in the S. faecalis HPr is not clear, but it may be linked to
the low pH of the crystallization and to the protonation
state of Hisl5. Intriguingly, although the crystal structure
of the E. coli HPr was determined at even lower pH (3.7)
[13], Hisl5 adopts the canonical conformation in this
structure. Apparently the close proximity to the sulfate
ion and to the carboxylate group at the C terminus helps
to maintain this conformation.

Conformation of the Argl 7 side chain: The major variability
within the active site is associated with the side-chain
conformation of Arg17 (Fig. 5), a residue that has been
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Table 2. Comparison of all published X-ray structures of HPr.

Source M. capricolum B. subtilis B. subtilis S. faecalis E. coli
Ser83-Cys Ser46-*Asp

Precipitant 60% (NH 4)2SO4 75% (NH4)2SO4 57% PEG 4000 50% (NH 4)2SO4 68% Li2SO4
pH 7.0 6.2-6.4 5.6 5.0 3.7
Resolution (A) 1.8 2.0 2.0 1.6 2.0
Sequence identity to M. capricolum - 42.0% 42.0% 39.7% 32.0%
Rms deviation from M.. capricolum

(Cao) [43] - 0.7 A 0.7/0.6 0.8 A 1.3 
(2 independent

molecules)
Solvent content 35% 44% 37% 37% 27%
Anion at the active site no yes no yes no

Fig. 4. Stereo representation of the
active-site region of HPr from M. capri-
colum including residues 10-18 144].
Only part of the side chain is shown
because it is disordered beyond the C8
atom. (Figure drawn with PLUTO 144].)

Fig. 5. Superposition of the active-site regions of the crystal struc-
tures of HPr from M. capricolum (red), B. subtilis (high-salt crys-
tal, blue; low-salt crystal, purple), E. coli (yellow) and S. faecalis
(green). Virtual bonds between Ca atoms are traced. The com-
plete side chains of His15, Arg17 (except for M. capricolum),
Aspl0 (only for M. capricolum) and the sulfate ions found in two
structures are also shown.

shown by site-directed mutagenesis to be functionally
important in E. coli HPr [27]. In the sulfate-bound form
of the B. subtilis HPr, the side chain of Argl7 forms an

ion pair with the sulfate. Herzberg and colleagues [11]
proposed that a small adjustment of the Argl7 side chain
would allow it to form a similar interaction with the neg-
atively charged phosphohistidine. Other crystal forms
reveal the side chain of Arg17 in a variety of conforma-
tions and interactions. In the low-salt form of B. subtilis
HPr, the side chain is remote from Hisl5 and from the
N terminus of the ensuing helix, forming an intramolec-
ular salt bridge with the carboxylate group of Glu84 [12].
In the E. coli and S. faecalis HPrs, Argl7 is involved in two
different intermolecular salt bridges, also projecting away
from the active site [13,15]. In M. capricolum HPr, which
lacks a sulfate ion or vicinal carboxylate groups, the posi-
tion of the Argl7 guanidinium group cannot be deter-
mined from the electron-density map, indicating that it is
conformationally flexible. Similarly, the NMR structures
of E. coli [18] and B. subtilis [19] HPrs are consistent with
the Argl7 side chain being flexible in the unphosphory-
lated state. Taken together, these data support the pro-
posal that the side chain of Argl7 could adopt a variety of
conformations in the unphosphorylated state, as long as it
avoids the interaction with the amide groups of residues
16 and 17 and with the side chain of His15. However,
conflicting conclusions have been drawn, from the NMR
studies, about the conformation of the phosphorylated
state. Whereas Klevit and colleagues [28] have reported
that the side chain of Argl7 becomes ordered and inter-
acts with the phosphoryl group, van Nuland et al. [29]

VALI 1

I[



786 Structure 1995, Vol 3 No 8

have concluded from their study, which did not include
side-chain rotamer measurements, that Argl7 remains
highly mobile. A second discrepancy between the two
NMR studies concerns the main-chain conformation of
Hisl5: in [28] it is reported to be unperturbed by phos-
phorylation, whereas in [29] the molecular dynamics sim-
ulation resulted in a sterically strained conformation of
Hisl5. This strained conformation appears to correlate
with the formation of a hydrogen bond between the
main-chain oxygen of Leul4 and the amide of Alal9, an
interaction that has not been observed in any of the crys-
tal structures. No experimental evidence in support of
the simulation results is provided in the publication.

The phosphorylation site at Ser46
Phosphorylation of Ser46 may play a regulatory role in
HPrs from Gram-positive bacteria and from mycoplasma,
because it suppresses phosphorylation on His15 and
phosphotransferase activity [30,31]. The amino acid
sequence in the region of Ser46 is well conserved
between the two types of organism, whereas a lower level
of sequence identity exists with Gram-negative bacteria
in which Ser46 cannot be phosphorylated [9].

In the crystal structure of HPr from M. capricolum a sul-
fate ion is located close to Ser46, forming electrostatic
interactions with the Oy atom and with the main-chain
nitrogen atoms of residues 47 and 48 (Fig. 6). It also
interacts with the N4 atom of Lys3 of a symmetry-related
molecule. Similarly, a sulfate ion is bound close to Ser46
in the structure of the Ser83--Cys mutant of B. subtilis
HPr, but there it forms intricate interactions with the
active-site Arg17 of a neighboring molecule and with the
N-terminal amino group of a second neighboring mol-
ecule. It is well documented that the N termini of helices
constitute good binding sites for negatively charged
moieties [32]. Hence, the capping of the helix by Ser46
indicates that, in its phosphorylated state, it could be
involved in the same type of electrostatic interactions as
those observed with the sulfate ion. As originally pro-
posed [11], no major conformational changes of the
protein backbone are required for this phosphorylation.

The failure of the ATP-dependent HPr-specific kinase to
recognize and phosphorylate E. coli HPr must be attribut-
able to some subtle differences in the environment of
Ser46, because the overall structure of the protein is quite
similar to that of HPrs from Gram-positive bacteria.
Amino acid sequence alignment of the polypeptide chain
in the vicinity of Ser46 highlights the contrast between
the Gram-negative and Gram-positive bacteria (Table 1).
When the first crystal structure of HPr from B. subtilis was
determined, the sequence information available at that
time coupled with structural considerations led to the
proposal that the bulky side chains of residues 48 and 49
in E. coli HPr might prevent productive interaction with
the kinase [11]. The deduced amino acid sequence of
HPr from M. capricolum [7], in which the side chain of
residue 49 is also bulky, indicates that this residue is proba-
bly not a determinant of phosphorylation at Ser46. It
remains to be investigated whether residue 48 is important
in this respect, and also whether Lys49 in the E. coli HPr
plays an electrostatic role in preventing phosphorylation
by the kinase. Residue 27 is also located in the vicinity of
Ser46. Here again, it is a lysine in the E. coli HPr and a
serine in the Gram-positive and mycoplasma HPrs, sug-
gesting that the charge state in this region might be a
determinant of the recognition of HPr by the HPr-spe-
cific kinase. However, the E. coli HPr mutant Lys27--Ser
is not phosphorylated on Ser46 by the HPr-specific kinase
(A Peterkofsky, unpublished data). Perhaps both of the
positive charges of Lys27 and Lys49 need to be neutralized
to enable phosphorylation by the HPr-specific kinase.
Site-directed mutants should help resolve this issue.

Among the currently available HPr crystal structures, the
short helix following Ser46 is the only secondary struc-
ture unit that varies in length. On the basis of Kabsch
and Sander's criteria [33], this helix is shortest in E. coli
HPr (four residues), and between five and seven residues
in the sample of Gram-positive bacteria and mycoplasma
HPrs. The NMR structures are also not consistent with
each other with regard to this helix. The data for the
B. subtilis HPr were interpreted as indicating that this
helical segment is missing, because no slowly exchanging

Fig. 6. Stereoview of the environment of
the sulfate ion. This includes residues
45-49 and Lys3 and Lysl 1 of symmetry-
related molecules.
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amide protons were detected [19]. However, the same
region was concluded to be helical in the solution struc-
tures of the E. coli and S. aureus HPrs [18,20].

Superposition of the crystal structures (Fig. 7) shows that
the helical polypeptide conformation of the HPrs from
Gram-positive bacteria and mycoplasma is quite similar,
although in the shorter helices not all the helical hydro-
gen bonds are formed. In contrast, the same segment of
the E. coli HPr differs because the backbones of residues
53 and 54 occupy a completely different conformational
space. The deviation in conformation is only short-range
and, by residue 55, the E. coli HPr resembles the other
molecules. The main-chain atoms of Gly54 and Ser37 in
E. coli HPr are closer to each other than those of Gly54

Fig. 7. Stereoview of the superposition
of residues 53-55 and 37 of HPr from
M. capricolum (red), B. subtilis (high-
salt crystal, purple), E. coli (yellow) and
S. faecalis (green), including a sulfate
ion present in the E. coli structure. The
E. coli structure adopts a different main-
chain conformation in this region from
that seen in structures from Gram-posi-
tive bacteria and mycoplasma.

Fig. 8. Stereoview of the superposition
of the N and C termini of HPr from
M. capricolum (red), B. subtilis (high-
salt crystal, purple), E. coli (yellow) and
S. faecalis (green). Main-chain atoms of
residues 6-18 and from 78 to their
respective C termini are shown. The
side chains of His15 and Glu85 of the
E. coli (EC) HPr are also drawn.

Fig. 9. Stereoview of the environment of
the type II' reverse turn centered on
residues 38 and 39. This includes
residues 36-41 of one molecule and
residues 27-31 of a symmetry-related
molecule (indicated by #).

and Tyr37 in the Gram-positive bacteria. Both types of
conformation result in efficient packing against the side
chain of residue 37. A hydrogen-bonding interaction
between the carbonyl oxygen of Gly54 and the Ser37
Oy atom in the E. coli HPr is associated with the partic-
ular conformation that has been selected. Such a hydro-
gen bond cannot exist in HPr from M. capricolum, where
residue 37 is even smaller (alanine). The main-chain
of residue 54 of M. capricolum HPr adopts the same
conformation as is observed in Gram-positive bacteria.
Residues 53 and 54 are located far from Ser46, separated
from it by two helical turns. It is difficult, therefore, to
envisage how this conformational difference could deter-
mine which of the proteins can be phosphorylated on
Ser46. It should be noted that the energy difference
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between the two types of main-chain conformations may
be quite small and affected by the crystal environment
and solution conditions. For example, in the crystal
structure of E. coli HPr, a sulfate ion is located in close
proximity to residues 53 and 54 and may have affected
the selected conformation.

The C-terminal region
The C terminus of HPr has been proposed to play an
important functional role because in the E. coli crystal
structure the carboxylate group forms an electrostatic
interaction with the active-site histidine [13]. However,
the NMR data for the E. coli HPr do not support this
proposal [18]. Moreover, the C terminus does not inter-
act with Hisl5 in any of the other crystal structures,
including that of M. capricolum HPr. The NMR experi-
ments on E. coli HPr were performed at pH 7.3, whereas
the crystals were obtained at pH 3.7, a pH at which
His15 should be positively charged. Indeed, in the crys-
tal, the His15 side chain interacts with two negatively
charged moieties - the No atom with a sulfate ion, and
the Ne atom with the C-terminal carboxylate group -
suggesting that it may be positively charged. A free posi-
tive charge at the N terminus of the ensuing helix would
encounter repulsive electrostatic interactions.

The amino acid sequences of HPrs from Gram-positive
bacteria are between two and four residues longer than
those from E. coli (Table 1). In all crystal structures deter-
mined so far, the C-terminal helix comprises residues
70-83 (secondary structure assigned according to [33]).
In HPrs from Gram-positive bacteria and M. capricolum,
residues beyond 83 form a turn that inserts between the
N-terminal -strand and the C-terminal a-helix (Fig. 8).
This is particularly striking in the case of the B. subtilis
HPr, because the two C-terminal residues adopt a
[-conformation and make interactions with the N-ter-
minal -strand that extend the 3-sheet. The C-terminal
segment of M. capricolum HPr is one residue longer, and
of the three C-terminal residues, one appears to partici-
pate in the 3-sheet and the last two project towards the
solvent. The C-terminal carboxylate oxygen atom of
M. capricolum HPr forms a hydrogen bond with the
main-chain nitrogen atom of Lys3 of a neighboring mol-
ecule. The shorter polypeptide chain of the E. coli HPr
does not permit formation of the turn described above.
Instead, it extends to interact with the active-site histi-
dine. The structural consequence is evident from the
superpositions of the various HPrs (Fig. 8). The C-ter-
minal helix of the E. coli HPr is displaced relative to that
of the Gram-positive and mycoplasma HPrs, to assure
efficient packing against the N-terminal 3-strand.

The P-hairpin loop at Asn38-Glu39
In all previously determined HPr crystal structures, the
connection between the second and third 3-strands is a
type I' reverse turn with residues 38 and 39 at positions 2
and 3. In all known sequences, except that of HPr from
M. capricolum, residue 39 is a glycine, consistent with
the steric preference of the backbone dihedral angles

((=~90°,A=-0°). The mycoplasma HPr adopts a
type II' reverse turn, with backbone dihedral angles
42=57°,02=-130° and 43=-92°,03=-3° for the sequence
Asn38-Glu39 (Fig. 9). Thus, the dihedral angles of
Asn38 correspond to a conformation that is sterically
strained for a C,3-containing residue. The carbonyl oxy-
gen atom of Asn38 is hydrogen bonded to a water mol-
ecule. The carboxylate group of Glu39 forms an ion pair
with the amino group of the adjacent Lys40. The crystal
packing places a neighboring molecule in contact with
this loop. Modeling shows that for this crystal cell, a
type I' reverse turn involving a glutamate at position 39
would result in steric clashes between the two molecules.
Hence, this is an example of the crystal environment
affecting the local conformation to the extent of
inducing steric strain.

Biological implications
Mycoplasmas have been proposed to evolve from
Gram-positive bacteria by a process of elimina-
tion of non-essential genes. Structural informa-
tion that supports this proposal emerges from
the crystal structure of the histidine-containing
phosphocarrier protein (HPr) from Mycoplasma
capricolum. This is the first mycoplasma protein
structure to be determined. Its amino acid
sequence is homologous to both Gram-positive
and Gram-negative HPrs, and indeed, the overall
fold resembles all other HPrs of known structure.
However, a detailed structural analysis reveals
that, consistent with the level of sequence simi-
larity, the structure of the mycoplasma HPr
is closer to that of HPrs from Gram-positive
bacteria than to HPr from the Gram-negative
bacterium, Escherichia coli.

HPr functions in the phosphoenolpyruvate:sugar
phosphotransferase system (PTS), which is res-
ponsible for the transport (and concomitant phos-
phorylation) of a number of hexose substrates
across the cytoplasmic membrane of bacteria and
mycoplasma. During the process, the imidazole
group of Hisl5 at the active-site of HPr accepts a
phosphoryl group from one component of the
multi-enzyme system (Enzyme I) and transfers it
to various sugar-specific PTS permeases. In addi-
tion, HPrs from Gram-positive bacteria and
mycoplasma, but not Gram-negative bacteria, are
phosphorylated by an ATP-dependent kinase on
Ser46. This is a regulatory phosphorylation event
that inhibits phosphorylation on Hisl5 and conse-
quently inhibits hexose transport.

Phosphorylations and phosphoryl group transfer
reactions can sometimes trigger conformational
transitions in proteins. The structural analysis of
HPr from mycoplasma and other HPrs indicates
that in these cases neither of the two phosphoryla-
tions induces major conformational changes. Both
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His15 and Ser46 are located on the protein surface
and can be readily phosphorylated. Sulfate ions,
identified in some of the crystal structures and
found to be associated with either the active site
or with the Ser46 phosphorylation site, are consid-
ered good models of the phosphorylated states of
these residues, while the sulfate-free forms repre-
sent the unphosphorylated states. In all cases,
except that of HPr from Streptococcusfaecalis, which
has been crystallized at a pH below the pKa of
His15 and without a sulfate ion close by, the con-
formations of the active site and of the Ser46
phosphorylation site are similar in the presence or
absence of sulfate. The only conformational flexi-
bility observed is that of the Argl7 side chain,
which enables it to respond to the state of phos-
phorylation of HPr and to the electrostatic envi-
ronment induced by other PTS proteins.

Materials and methods
Crystallization and data collection
The expression, isolation and purification of HPr from
M. capricolum has been described elsewhere [8]. The purified
protein was intact except that the N-terminal methionine
residue had been processed. Crystals were obtained using the
hanging-drop vapor-diffusion method at room temperature.
The reservoir solution contained 60% saturated ammonium
sulfate, 0.1% (v/v) polyethylene glycol 3000 and 100 mM
HEPES buffer at pH 7. Equal volumes of reservoir solution
and 10 mg ml-1 protein solution in 10 mM Tris buffer at pH
7.5 were mixed to yield 5 1 drops. Crystals achieved their
final size within several weeks. They were orthorhombic,
belonging to space group P212121 (a=32.2 A, b=42.2 A,
c=52.4 A). There was one molecule in the asymmetric unit
and the solvent content was 35%.

Intensity data were collected at room temperature on a
Siemens 3-axis goniostat using a single crystal of approximate
size of 0.3x0.4x0.6 mm3. Focusing mirror-monochromated
CuKot radiation was generated with a Siemens rotating anode.
Omega axis oscillation steps of 0.35° were sampled because of
the high mosaic spread of the crystal. The data were processed
with the computer program suite XENGEN [34]. Data were
obtained to 1.8 A resolution. The statistics of data collection
are shown in Table 3.

Structure determination
The structure was determined by the molecular replacement
method as implemented in AMoRe [35], using a polyalanine
search model, based on the HPr structure from B. subtilis [11].
Data between 10.0 A and 4.0 A resolution were included. The
cross-rotation search produced a unique peak of 4.7cr with
good discrimination from the highest incorrect solution (3.6cr).
The translation search, carried out with all rotation solutions,
resulted in the highest peak for the correct rotation solution,
with a correlation coefficient value of 0.409 and an R-factor of
0.48. The second highest peak had a correlation coefficient of
0.217 and an R-factor of 0.54. Rigid-body refinement
improved the correlation coefficient value to 0.60 and reduced
the R-factor to 0.42.

Refinement
Initial positional refinement was calculated with X-PLOR [36]
and resulted in an R-factor value of 0.38 for data in the resolu-
tion range 10-3A for which F22cr(F). The resulting electron-
density map, with the coefficients 2Fo-F c and calculated
phases, enabled the building of the side chains using the inter-
active computer graphics program TURBO-FRODO [37].
The completed model was subjected to X-PLOR simulated
annealing refinement in the temperature range 3000 K to
300 K. Data in the range 7.0-2.2 A, for which F22cr(F), were
included. The R-factor was reduced to 0.26. After a few cycles
of positional refinement and B-factor refinement, followed by
adjustments to the model using TURBO-FRODO, a second
run of simulated annealing was carried out increasing the reso-
lution to 2.0 A. The resulting R-factor value was 0.23.

Further refinement was carried with the program SHELXL-93
[21] which uses the Konnert-Hendrickson conjugate-gradient
least-squares restrained parameters approach [38] and refines
against F2. All measured data up to 1.8 A resolution were
included. Diffuse solvent was modeled by Babinet's principle
[39,40]. Hydrogen atoms were included with constrained
geometry and temperature factors. The electron-density maps
indicated that the side chain of Met51 occupies two alternative
conformations, and these were modeled with occupancy values
of 0.6 and 0.4. Solvent molecules were identified in difference
Fourier electron-density maps with the coefficients Fo-F c and
calculated phases. With the exception of one sulfate ion, they
were refined as water molecules. Solvent assignment was
checked towards the end of the refinement by removing one
third at a time, and refining the model further. Those mole-
cules that did not reappear in the new difference Fourier map
were eliminated.

Atomic coordinates have been deposited in the Brookhaven
Protein Data Bank (entry code 1PCH).
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