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Abstract Enzyme IIA and HPr are central regulatory proteins of the bacterial phosphoeno1pyruvate:sugar 
phosphotransferase (PTS) system. Three-dimensional structures of the glucose enzyme IIA domain (IIAgIC) and HPr of 
5acillus subtilis and Escherichia coli have been studied by both X-ray crystallography and Nuclear Magnetic Resonance 
(NMR) Spectroscopy. Phosphorylation of HPr of B. subtilis and IIAglc of E. coli have also been characterized by NMR 
spectroscopy. In addition, the binding interfaces of 8. subtilis HPr and IIAg" have been identified from backbone 
chemical shift changes. This paper reviews these recent advances in the understanding of the three-dimensional 
structures of HPr and IIAg'c and their interaction with each other. 
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Bacterial phosphoeno1pyruvate:sugar phos- 
photransferase systems (PTS) mediate the con- 
comitant transmembrane transport and phos- 
phorylation of a number of simple carbohydrates. 
The PTS consists of two non-specific energy- 
coupling proteins, enzyme I and HPr, and a 
sugar-specific permease complex known as en- 
zyme I1 [for reviews see Saier and Reizer, 1992; 
Meadow et al., 1990; Reizer et al., 1988; Saier, 
19891. The enzyme I1 complexes comprise three 
or four functional domains: two hydrophilic do- 
mains, enzyme IIA (IIA) and enzyme IIB (IIB), 
which both possess phosphorylation sites, and 
one or two hydrophobic transmembrane do- 
mains, IIC and IID. The permease complex may 
consist of one to four distinct polypeptide chains 
[Saier and Reizer, 1992; Geerse et al., 1989; 
Saier et al., 1988; Wu et al., 19901. In the trans- 
location and phosphorylation of glucose, a phos- 
phoryl moiety is transferred sequentially from 
phosphoenolpyruvate (PEP) to enzyme I, HPr, 
glucose-specific enzyme IIA (IIAglC), membrane- 
bound IIB (IIBglc), and finally to the sugar. The 
IICglC domain forms the glucose-specific trans- 
membrane channel [for a recent review, see 
Saier and Reizer, 19921. 
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IIAg'" and HPr are central regulatory proteins 
of the PTS. IIAg'" regulates not only the uptake 
and phosphorylation of glucose, but also the 
uptake and phosphorylation of other PTS and 
non-PTS sugars by transcriptional and post- 
transcriptional mechanisms; regulation is ef- 
fected by phosphorylation of a histidine residue 
[Saier and Reizer, 1992; Meadow et al., 1990; 
Reizer et al., 1988; Saier, 19891. HPr is a non- 
sugar specific protein which transfers a phospho- 
ryl group from enzyme I to  different sugar- 
specific IIA domains via a phospho-histidine HPr 
intermediate. HPrs in Gram-positive bacteria 
may also be phosphorylated at a serine residue 
by an ATP-dependent protein kinase. Phospho- 
rylation of Ser-46 in the Bacillus subtilis system 
has an inhibitory effect on the activity of the 
protein and thus regulates the uptake and phos- 
phorylation of the PTS sugars [for recent re- 
views, see Meadow et al., Reizer et al., 1988; 
Saier, 19891. 

The solution structures of IIAglC and HPr from 
both Escherichia coli and B. subtilis have re- 
cently been investigated by two- (2D) and three- 
dimensional (3D) heteronuclear NMR spectros- 
copy using 15N labeled and/or 15N/13C doubly 
labeled protein samples [Pelton et al., 1991a,b; 
1992; Fairbrother et al., 1991, 1992a,b; Stone et 
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al., 1992; Hammen et al., 1991; van Nuland et 
al., 19921. HPr from B. subtilis and E. coli have 
also been studied using 2D homonuclear NMR 
methods [Wittekind, 1989, 1990; Klevit et al., 
1986; Klevit and Drobny, 1986; Klevit and Way- 
good, 19861. The conformation of all four pro- 
teins has been independently investigated using 
X-ray crystallography techniques [Worthylake 
et al., 1991; Kapadia et al., 1991; Herzberget al., 
1992; El-Kabbani et al., 19871. Effects of phos- 
phorylation of IIAglC from E. coli and of Ser-46 of 
B. subtilis HPr have also been characterized by 
3D heteronuclear NMR and 2D homonuclear 
NMR studies [Pelton et al., 1992; Wittekind et 
al., 19891, respectively. More recently, the bind- 
ing interfaces of HPR and IIAglc have been deter- 
mined from mapping of chemical shift changes 
using 15N-edited and 15N-filtered NMR experi- 
ments [Chen et al., in press]. The purpose of this 
paper is to review these recent advances in our 
understanding of the 3D structures and dynam- 
ics of IIAglC and HPr, and their interactions with 
each other. 

THREE-DIMENSIONAL STRUCTURE AND 
DYNAMICS OF IIAgIc 

The 3D structure of B. subtilis IIAglc has re- 
cently been determined independently by both 
X-ray crystallography [Liao et al., 19911 and 
NMR [Fairbrother et al., 1991, 1992a,bl. Al- 
though we have been unable to make a direct 
comparison between the coordinates of the crys- 
tal structure, determined at  2.2 A resolution, 
and the NMR solution structure, currently re- 
fined to an average RMS deviation of 0.9 A for 
the backbone heavy atoms of residues 12-162, it 
is clear that the overall fold of the polypeptide 
chain obtained using the two methods is similar. 
A schematic illustration of the NMR solution 
structure of B. subtilis IIAglC is given in Figure 1. 
The protein has an antiparallel p-barrel struc- 
ture, with the main eight stranded p-sheet adopt- 
ing a “hybrid” Greek-key/jellyroll topology. In 
addition to the p-sheet structures there are sev- 
eral long loops, the most prominent of which is 
found between residues 25-41 (on the right side 
of the protein in the view of Fig. 1) and was 
identified as being an R-loop in the crystal struc- 
ture. Two other R-loops were also identified in 
the crystal structure, between residues 99-112 
and residues 146-157. The X-ray crystal struc- 
ture and NMR solution structure of B. subtilis 
IIAglC do, however, exhibit minor differences. 
Four short regular helices have been identified 

in the crystal structure between residues 26-28 
(310-helix), 32-35 (or-helix), 89-91 (310-helix), and 
117-123 (or-helix + 310-helix). Three of these re- 
gions were identified as having irregular helical 
structures in solution, (33-36, 89-92, and 117- 
123). While dNN(i, i + 1) and duN(i, i + 3) NOE 
connectivities, which are characteristic of heli- 
cal conformations, have been observed in solu- 
tion for all four segments defined as regular 
helix in the crystal structure, the dryN(i, i + 3) 
NOES are relatively weak and the measured 
amide hydrogen exchange rates are fast, suggest- 
ing that the conformations are neither regular 
a-helices nor 310-helices. Additional support for 
the “helical regions” of B. subtilis IIAglC being 
irregular in solution has come from analysis of 
the 13Cor chemical shifts [Fairbrother et al., 
19921. A second difference between the two struc- 
tures is in the N-terminal region of the protein. 
In the crystal structure, the N-terminal residues 
4-12 form a unique hairpin loop conformation. 
NMR data, however, clearly shows these resi- 
dues to be flexible in solution [Stone et al., 
19921, and devoid of any specific conformation. 
These differences are relatively minor and may 
result from differences in the nature of the 
samples. In the NMR studies, the protein was 
dissolved in aqueous solution at  pH 6.6, while in 
the X-ray studies, the protein was crystallized 
from an ammonium sulfate solution at  pH 8.0. 
Crystal packing forces could also constrain the 
internal motions of a protein, resulting in an 
ordered conformation for regions that are disor- 
dered or more flexible in solution. In particular, 
the unique conformation observe’d for the N-ter- 
minal residues in the crystal structure is likely 
due to a crystallization artifact. The 13 N-termi- 
nal residues of the protein studied have been 
defined as part of the Q-linker which covalently 
connects the IIAglC domain to the membrane- 
bound IICBglc domains. Q-linkers are typically 
found in proteins of prokaryotic two-component 
regulatory and signal-transduction systems 
[Weston and Dutton, 19891. In the case of the B. 
subtilis glucose-permease, this flexible linker pre- 
sumably allows the independent domains to in- 
teract during phosphoryl transfer. 

Two conserved histidine residues (His-83 and 
His-681, which are involved in phosphoryl trans- 
fer activity [Reizer et al., 19921, are adjacent to 
each other in the 3D structure of IIAglc. His-83, 
the site of phosphorylation by phospho-HPr, is 
located at the C-terminus of strand VI (using 
the numbering system of Fairbrother et al., 



Structure of and HPr 77 

1992) in the eight-stranded P-sheet (see Fig. 1). 
The active site histidines are surrounded .by 
mainly hydrophobic residues, with the excep- 
tion of two conserved aspartyl residues, Asp-31 
and Asp-87, which are situated about 7 A from 
His-83, at  the edge of the hydrophobic patch. In 
the crystal structure [Liao et al., 19911, N-3 of 
His-83 is partially exposed to solvent, consistent 
with it being the site of phosphorylation, and is 
only 3.2 A from N-3 of His-68. The N-1 atom of 
His-83 appears to be protonated and hydrogen 
bonded to the main chain carbonyl oxygen atom 
of Gly 85 (Fig. 2). The N-1 atom of His-68 also 
appears to be hydrogen bonded to the Oy atom 
of the conserved residue, Thr-66. A number of 
other conserved residues have been found clus- 
tered around the active site, and possible struc- 
tural and functional roles have been suggested 
for them by Liao et al. [19911. 

In addition to the above structural studies, 
the backbone dynamics of B. subtilis IIAg'" have 
been characterized using I5N NMR relaxation 
measurements [Stone et al., 19921. Transverse 
and longitudinal relaxation time constants, TI 
and T2, and steady-state {lH]-l5N NOES were 
measured for 137 (91%) of the 151 protonated 
backbone nitrogens. These relaxation data were 
analyzed by using the model-free dynamics ap- 

scribe the internal motion; a generalized order 

preach of ~ i ~ ~ ~ i  and szabo [ ~ i ~ ~ ~ i  and szabo, 
1992a7b1. In this approach, two parameters de- 

N 

Fig. 1. A schematic illustration of the NMR solution structure 
of 6. subtilis IIAglC. The diagram was produced with a newly 
refined NMR structure and the view is similar to Figure 2, FEBS 
Lett 296:148-I 52, 1992. 

Fig. 2. Stereo diagram of the model of phosphorylated histidine of IIAg'C. Filled bars represent bonds 
between main-chain atoms, and open bars represent bonds between side chain atoms. In the model, two 
of t he  oxygen atoms of the negatively charged phosphoryl group interact with the N3 atom of His-68 and 
the main chain nitrogen of Val-89. (Reproduced Liao et al., 1991 with permission.) 
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parameter, S2, and an effective internal correla- 
tion time, T,. The value of S2 can range from 
zero, indicating completely isotropic internal mo- 
tions, to 1 for internal motions that are com- 
pletely restricted, relative to a fixed molecular 
frame of reference. Most of the residues in B. 
subtilis IIAglC exhibit relatively restricted inter- 
nal motions with order parameters in the range 
of 0.75-0.90 and effective correlation times, T,, 

less than ca. 25ps. These values are typical for 
well-defined globular proteins. Two areas of the 
molecule, however, were found to be signifi- 
cantly more flexible, as characterized by smaller 
S2 values ( <  0.5) and T, with time scales of 
approximately 100 ps; the N-terminal 12 resi- 
dues, as discussed above, and the middle (around 
residue 32) of the R-loop which packs adjacent 
to the active site. In addition, residues 146-149 
which are located in another loop region are 
more flexible than the average. As discussed 
above, flexibility of the N-terminal region was 
anticipated because the first 13 residues are part 
of the Q-linker which joins the IIAglC domain to 
the membrane bound IICBglc domains. The high 
mobility of the R-loop comprising residues 25- 
41, together with its proximity to the active site, 
has led to  the suggestion that it may form part 
of the binding surface for HPr and/or IIBglC. 

The 3D structure of E. coli IIAglC, which shares 
approximately 42% sequence identity with the 
B. subtilis IIAgIC domain, has also been deter- 
mined recently by X-ray crystallography at 2.1 A 
resolution [Worthylake et al., 19911. In addition, 
the structure has been investigated using 3D 
heteronuclear NMR spectroscopy [Pelton et al., 
1991a,bl, although a solution structure has not 
yet been reported. The X-ray crystal structure 
determination shows that E. coli IIAgIC is com- 
prised primarily of antiparallel @-sheets forming 
a @-sandwich (or @-barrel) with six strands on 
either face. While this structure shares many 
common features with those determined for B. 
subtilis IIAglC, there are several significant differ- 
ences including the number, lengths and topol- 
ogy of the p-strands. The secondary structure of 
E. coli IIAgIC as determined by solution NMR 
studies is, however, in good agreement with that 
found in the X-ray crystal structure. The same 
is true of the X-ray crystal structure of B. subti- 
Zis IIAglC relative to  the NMR solution structure, 
suggesting that crystallization has not resulted 
in any major structural perturbations in either 
protein and that the observed structural differ- 
ences between the two homologues is not artifac- 

tual. Despite the differences, the active site re- 
gions of the E. coli IIAgIc appears remarkably 
similar to that of the B. subtilis protein, with the 
two conserved histidines (His-75 and His-90 in 
E. coli) being found close to each other (the N-3 
atoms are 3.3 A apart), and surrounded by hydro- 
phobic residues. The conserved aspartyl resi- 
dues, Asp-38 and Asp-94 in E. coli :[IAg'", are also 
located on the edge of the hydrophobic region in 
analogous positions to Asp-31 and Asp-87 in B. 
subtilis 1IAglc. The N-3 atom of His-90 is exposed 
to solvent, while the N-1 atom of His-90 appears 
to be protonated and hydrogen bonded to the 
carbonyl oxygen of Gly 97. This is again consis- 
tent with the N-3 position of His-90 being the 
site of phosphorylation. The N-1 a.tom of His-75 
appears to  be hydrogen bonded to the Oy atom 
of Thr-73. The position of the histidine rings are 
fixed by the hydrogen bonding and steric interac- 
tions. In contrast to the results found for B. 
subtilis IIAg", the N-terminal 18 residues of E. 
coli IIAglC appear to be disordered in both the 
solution and crystal states. Note that E. coli 
IIAglC has a seven residue N-terminal extension 
relative to  the B. subtilis IIAg'" domain discussed 
above. The two techniques also indicate that the 
only helical structures present in E. coli IIAg*c 
are irregular or distorted. 

Difference electron density maps between na- 
tive E. coli IIAglC and a chloroplatinate (PtC14-2) 
heavy atom derivative revealed an anion binding 
site involving the N3 positions of both His-75 
and His-90 [Liao et al., 19911. This interaction 
does not cause large structural changes, imply- 
ing that a phosphate moiety could form a mono- 
valent bond with His-90, or a divalent transition 
state intermediate with both histidines, and 
cause minimal structural change. Similar conclu- 
sions were drawn from modeling the phosphory- 
lated state of B. subtilis IIAglC. In the model two 
of the oxygen atoms of the negatively charged 
phosphoryl group interact with the N3 atom of 
His-68 and the main chain nitrogen of Val-89 
(see Fig. 2). The environment of the modeled 
phosphate appears very similar to the experimen- 
tally determined environment of the chloroplati- 
nate anion in E. coli IIAglC. 

Mutation of His-75 to glutarnine in E. coli 
IIAg'" [Presper et al., 19891 and His-68 to alanine 
in B. subtilis IIAg'" [Reizer et al., 19911 results in 
a protein that can accept but cannot transfer 
phosphoryl groups. In view of the current struc- 
tural information, these observations can be 
interpreted in two ways. Either this histidine is 
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directly involved in the phosphoryl transfer, pos- 
sibly with the phosphoryl group migrating from 
the catalytic histidine (i.e., His-90 in E. coli 
IIAglC or His-83 and B. subtilis I1Aglc) to the 
adjacent histidine, as proposed by Presper et al. 
[19891, or it is required for interaction with 
IIBglc but not with HPr. Liao et al. [19911 favor 
the latter and suggest that His-68 (or His-75 in 
E. coli IIAgic) must be protonated for a produc- 
tive IIA-IIB interaction to occur. Clearly fur- 
ther structural work is required to distinguish 
between these possibilities. 

The phosphorylated state of the E. coli IIAglC 
has been studied directly in solution using NMR 
techniques [Pelton et al., 1992; Dorschung et 
al., 19841. Early 1D NMR work [Dorschung et 
al., 19841 observed IH chemical shift changes in 
the aromatic region of the spectrum upon phos- 
phorylation; it was not possible, however, to  
interpret these changes in structural terms. 
More recently, with the use of 3D heteronuclear 
NMR techniques and 15N or 15N/13C doubly la- 
beled proteins, the phosphorylated form of E. 
coli IIAgIc has been characterized in detail [Pel- 
ton et al., 19921. Upon phosphorylation, back- 
bone chemical shift changes were observed only 
for residues within four segments; 87-100, for 
which the largest changes were seen, 36-46, 
75-78, and 131-138. All four of these segments 
are in the vicinity of the phosphorylation active 
site. The chemical shifts of other residues in the 
protein were not observed to change signifi- 
cantly upon phosphorylation, indicating that 
IIAglc does not undergo any large structural 
changes following phosphorylation of the cata- 
lytic histidine. The chemical shift changes which 
were observed could result from either local 
conformation changes or from differences in 
magnetic shielding due to  phosphate binding. 
Details of the conformation in the region experi- 
encing chemical shift perturbations were inves- 
tigated by comparing NOE cross peak patterns 
of phospho-IIAgic and free IIAglC. Except for resi- 
dues Ala-76, Asp-94, and Val-96, NOES ob- 
served in the phosphorylated protein are almost 
identical to  those observed in the unphosphory- 
lated form, indicating that there are no large 
structural changes in the active site region as a 
consequence of phosphorylation. The differ- 
ences in the NOE connectivities observed for the 
above residues are also minor and correspond to 
changes of less than 1.5 A in interproton dis- 
tances. One particularly interesting structural 
change, however, is that the amide proton of 

Fig. 3. Schematic diagram of the three-dimensional structur: 
of B. subtilis HPr determined by X-ray crystallography at 2.0 A 
resolution. Adapted from Herzberg et al., 1992. 

residue Asp-94 appears to move slightly towards 
the C-2 ring proton of His-90 and away from the 
amide proton of Thr-95. This observation sug- 
gests that the amide proton of Asp-94 may be 
involved in the interaction with the phosphate 
group. This is consistent with model building 
studies using the crystal structure of the E. coli 
IIAgIC, in which the amide protons of Asp-94 and 
Thr-95 help to stabilize the phosphate through 
interaction with the oxygen atoms of the phos- 
phate group. Observation of characteristic back- 
bone NOES involving residues Ala-76, Asp-94, 
and Val-96 indicates that secondary structures 
at these three residues remain intact in the 
phosphorylated form of E. coli IIAglc. The conclu- 
sions reached from this solution study support 
the modeling results, which were based entirely 
upon the crystal structures of the unphosphory- 
lated forms of IIAglC. 

THREE-DIMENSIONAL STRUCTURE OF HPr 

The three-dimensional structure of B. subtilis 
HPr has been determined by X-ray crystallogra- 
phy at 2.0 A resolution [Herzberg et al., 19921 
and is illustrated schematically in Figure 3. Pro- 
tein crystals were obtained of an inactive mu- 
tant, H15A, and of an active mutant, S83C. The 
latter mutant was made in order to prepare 
heavy-atom derivatives, a necessary step for solv- 
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Fig. 4. A model of phospho-His-15 HPr. The bound phosphate moiety interacts directly with the side 
chain guanidinium group of Arg-17 and the main chain amide groups of Ala-16 and Arg-I 7. Reproduced 
from Herzberget al., 1992. 

ing the crystal structure. The conformation of 
B. subtilis HPr has also been studied by NMR 
[Wittekind et al., 19901, although a detailed 
tertiary structure has not yet been published. 
The three-dimensional structure of HPr derived 
from X-ray crystallography consists of a four 
stranded p-sheet with a-helices packed on top of 
the p-strands. This is a classical topology which 
has been described as an “open-face P-sandwich” 
[Richardson, 19811. While the overall topology 
is similar to that described by NMR, there are 
some differences regarding identification of a-he- 
lices. The first a-helix was assigned to residues 
16-26 in the crystal structure but was assigned 
to residues 19-29 in NMR studies. The second 
short a-helix defined by X-ray crystallography 
as residues 47-51 has not been identified in the 
NMR studies of B. subtilis HPr, although an 
analogous helix has been identified in NMR 
studies of E. coli HPr. A putative one-turn a-he- 
lix was, however, identified between residues 
50-53 in the NMR studies of B. subtilis HPr. 
The third a-helix spanning residues 70 and 84 
was assigned both by NMR and X-ray crystallog- 
raphy. 

In the crystal structure [Herzberg et al., 19921, 
His-15, the residue with the phosphoryl transfer 
function, and Ser-46, the “regulatory” phospho- 
rylation site, are both located on the surface of 
the protein with their side chains capping the 
N-termini of the first and second a-helices, re- 
spectively. The N-1 atom of His-15, the target of 
phosphorylation, was modeled so as to point 

towards Arg-17, another conserved residue. In 
the chosen model the N-1 atom of His-15 is also 
close to the amides of both Ala-16 and Arg-17, 
consistent with it being deprotonated as re- 
quired for a phosphoryl acceptor. The N-3 atom 
then forms a hydrogen bond to the 0.v of Ser-12. 
Interaction between a sulfate anion and the 
guanidinium group of Arg-17 has been observed 
in the crystal structure. It was proposed that 
crystal packing may have trapped the Arg-17 
side chain in a conformation that resembles the 
phosphorylated state of HPr, since in the ab- 
sence of sulfate the electrostatic interactions 
between Arg-17 and the N-terminus of the a-he- 
lix would be repulsive. A model of phospho- 
His-15 HPr was built in which the bound phos- 
phate moiety interacts directly with the side 
chain guanidinium group ofhg-17 and the main 
chain amide groups of Ala-16 and Arg-17 (Fig. 
4). In this configuration the negatively charged 
phosphoryl group may also be stabilized by the 
N-terminal dipole of the first a-helix. Three 
hydrophobic residues were noted to  be close to 
the active site on the surface of the protein 
between His-15 and Ser-46; it was suggested 
that these residues, Ile-47, Met-48, and Met-51, 
may play an important role in hteractions be- 
tween HPr and enzyme I and/or IIAglC. The side 
chain of Ser-46 also caps the N-terminus of an 
a-helix with its side chain Oy atom hydrogen 
bonded to the main chain amide nitrogen of 
Gly-49. As with phospho-His-15, the negative 
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charge of the phosphorylated serine could be 
stabilized by the helix dipole. 

The secondary structure and folding topology 
of the E. coli HPr determined by NMR methods 
is very similar to that determined by X-ray crys- 
tallography for B. subtilis HPr [Hammen et al., 
1991; van Nuland et al., 1992; Klevit et al., 
1986; Klevit and Drobny, 1986; Klevit and Way- 
good, 19861; three a-helices pack against an 
anti-parallel p-sheet made of four strands. The 
E. coli HPr has about 33% sequence identity to 
the B. subtilis HPr. High resolution NMR struc- 
tures, however, have yet to be published for 
either protein. Unlike B. subtilis HPr, the pub- 
lished crystal structure of E. coli HPr [El- 
Kabbani et al., 19871 is substantially different 
from the NMR structure. Epitope mapping stud- 
ies, however, suggest that the NMR derived 
topology is the physiological relevant one [Shar- 
ma et al., 19911. It is possible that structural 
changes in the crystal form occurred as a result 
of the crystallization process. 

Phosphorylation of the regulatory Ser-46 of 
B. subtilis HPr has been investigated by two- 
dimensional homonuclear NMR spectroscopy 
[Wittekind et al., 19891. Upon phosphorylation 
a number of main chain chemical shift changes 
were observed for residues both close to and 
remote from Ser-46 in the three-dimensional 
structure. These observations indicate that phos- 
phorylation of Ser-46 may result in conforma- 
tional changes in regions of the protein which 
are distant from the site of phosphorylation. 
Although the main chain chemical shifts of pro- 
teins in general are extremely sensitive to confor- 
mational perturbations they cannot be in- 
terpreted in terms of magnitude or type of 
conformational change. Full characterization of 
the conformational changes accompanying phos- 
phorylation of HPr will require detailed compar- 
isons between NOESY spectra of both the phos- 
phorylated and unphosphorylated forms, as has 
been carried out for E. coli IIAg'" (see above); the 
results of such studies have not yet been pub- 
lished. Whatever the nature of the conforma- 
tional change, it is apparent that it results in a 
form of the protein which cannot form an active 
complex with IIAgl". NMR spectra of the inactive 
S46D mutant were also acquired and were found 
to  be very similar to  the phospho-Ser-46 form of 
HPr, indicating that the inactivation of the mu- 
tant results from the same structural changes 
that occur upon phosphorylation of Ser-46. 

INTERACTION BETWEEN HPr AND IIAglc 

The interaction of B. subtilis HPr with IIAglC 
has been characterized directly by 15N-edited 
and 15N-filtered NMR spectroscopy [Chen et al., 
submitted]. Uniformly I5N-labeled IIAglC and un- 
labeled HPr were used in these studies. Regions 
of the polypeptide backbone of both proteins 
which undergo significant chemical shift changes 
upon formation of the complex have been identi- 
fied. Significant chemical shift changes were 
observed in several regions for IIAg'", using 15N- 
edited experiments; these include a segment (res- 
idues 33-40) of the R-loop whose apex is found 
close to the active site, several residues from the 
eight-stranded p-sheet (61-64, 70-72, 79-81, 
and 132-1341, and residues 87 and 89 which are 
also found in a loop. The backbone amide I5N 
and lH chemical shifts of the active site histidine 
residues 83 and 68, and the remainder of the 
protein, are essentially unchanged. All of the 
residues for which chemical shift changes are 
observed on binding of HPr are located in the 
vicinity of the phosphorylation active site, and 
for the most part form a continuous surface. 

Chemical shift changes induced in HPr upon 
forming a complex with IIAglC were also identi- 
fied, using 15N-filtered NMR experiments. Signif- 
icant backbone chemical shift perturbations in 
HPr are observed for residues 13 to 23, which 
includes the active site His-15 and a short seg- 
ment of a-helix. Significant chemical shift 
changes were also observed for residues 51-56, 
which form part of a loop between an a-helix and 
a strand of the p-sheet for residues 46 and 47 
which contain the site of phosphorylation, and 
for a few residues in the middle of the p-sheet 
(residues 33 and 41-44). These residues form a 
continuous surface, including the active site and 
an area immediately adjacent to  the active site. 

It is notable that perturbed residues in both 
proteins are in regions that are predominantly 
hydrophobic in nature. Since the areas of ob- 
served chemical shift changes in both HPr and 
IIAgIC are in the vicinity of the known active sites 
and appear to be complimentary to each other, it 
is highly probable that they indicate residues 
involved in the binding interface. Further char- 
acterization of the HPr/IIAglc complex must 
await detailed analysis of NOESY spectra and 
identification of specific intermolecular NOE 
connectivities, for both phosphorylated and un- 
phosphorylated forms. Until then, the current 
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results provide a starting point for modeling of 
the IIAglC-HPr interaction. 

Interaction between HPr and IIAglC is neces- 
sary for the transfer of a phosphoryl group be- 
tween the two proteins. NMR provides direct 
evidence pertaining to the binding interfaces 
between the two proteins through observation 
of chemical shift changes among predominantly 
hydrophobic residues surrounding the active site 
histidines. On the basis of crystal structures, 
Herzberg et al. [19921 have proposed a mecha- 
nism for phosphoryl group transfer in which the 
proteins first interact by way of complimentary 
surfaces near the active sites. A pentacoordinate 
intermediate or transition state is then formed 
in which N-1 of His-15 in HPr and N-3 of His-83 
in 1IAglc, respectively, occupy the apical posi- 
tions of a trigonal bipyramidal phosphorus moi- 
ety. Phosphoryl transfer is accompanied by inver- 
sion of configuration at the phosphorus. Asp-31 
and Asp-87 of IIAglC and Arg-17 of HPr, all of 
which are near the active site histidines, may 
facilitate phosphoryl transfer by switching of 
the postulated salt bridge between Arg-17 and 
the phosphoryl group on HPr to  a salt bridge 
between Arg- 17 and the two aspartates of IIAglC. 

NOTE ADDED IN PROOF 

Since acceptance of the present paper, the 
three-dimensional NMR structure of B. subtzlzs 
HPr has been published (Wittekind et al., Pro- 
tein Science 1:1363-1376, 1992). 
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