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ABSTRACT: The transmembrane subunit of the glucose transporter, IICBGlc, mediates vectorial transport
with concomitant phosphorylation of glucose. Glucose phosphorylation proceeds through a cystein
phosphate intermediate of the cytosolic IIB domain of IICGlc, which is phosphorylated by the IIAGlc subunit
of the glucose transporter. Two- and three-dimensional NMR experiments were used to characterize the
phosphorylation of the 10 kDa subclonal IIB domain and the complementary binding interfaces of [15N]-
IIB and [15N]IIA Glc. The largest chemical shift perturbations and the only NOE differences accompanying
IIB phosphorylation are confined to the active site residue Cys35, as well as Ile36, Thr37, Arg38, Leu39,
and Arg40, which are all located in the turn between strandsâ1 andâ2 and onâ2 itself. The significant
increase of the amide cross-peak intensities of Ile36, Thr37, and Arg38 upon phosphorylation suggests
that the conformational freedom of these groups becomes restrained, possibly due to hydrogen bonding
to the oxygens of the bound phosphate and to interactions between the guanidinium group of Arg38 and
the phosphoryl group. The residues of IIB which experience chemical shift perturbations upon binding
of IIA are located on a protruding surface formed by residues of strandsâ1, â2, andâ4, theâ4/R3 loop,
and residues from the first two turns ofR3. The corresponding binding surface of the IIAGlc domain is
comprised of residues on five adjacentâ-strands and two short helices surrounding the active site His90.
The binding surface of IIAGlc for IIB coincides with the binding surface for HPr, the phosphoryl carrier
protein by which IIAGlc is phosphorylated [Chen, Y., Reizer, J., Saier, M. H., Fairbrother, W. J., & Wright,
P. E. (1993)Biochemistry 32, 32-37].

Protein phosphorylation plays an important role in energy
transduction and intracellular signaling, e.g., in the P-type
ATPases, protein kinases, and protein phosphatases. The
former transport cations across the cell membrane and are
transiently phosphorylated on an aspartic acid during turnover
(Lutsenko & Kaplan, 1995). The kinases and phosphatases
regulate the activity of enzymes and membrane-bound
receptors by phosphorylation and dephosphorylation (Bourret
et al., 1991; Fantl et al., 1993). In the phosphoenolpyruvate-
dependent phosphotransferase system of bacteria (PTS1),
energy transduction and signaling are two closely intertwined
functions. Carbohydrates are accumulated across the cell
membrane by a mechanism coupling translocation with
phosphorylation of the sugar. Phosphoryl groups are trans-

ferred from phosphoenolpyruvate to the transported carbo-
hydrates by a cascade of four phosphohistidine and phos-
phocysteine protein intermediates (Figure 1). The phos-
phorylation state of the proteins in the cascade varies with
transport activity; i.e., it increases in the absence and
decreases in the presence of the corresponding sugar
substrate. The ratio of phosphorylated to dephosphorylated
proteins in turn serves as signal input for the control of
metabolic pathways, of gene transcription, and of chemosen-
sory behavior. The proteins exert their regulatory effect by
allosteric interaction with and by phosphorylation of their
target proteins [for comprehensive reviews, see Saier (1989),
Meadow et al. (1990), Erni (1992), Postma et al. (1993),
and Hellingwerf et al. (1995)].
The glucose-specific PTS ofEscherichia coliis comprised

of four subunits: enzyme I, HPr, and the glucose-specific
transporter consisting of the soluble subunits IIAGlc and the
transmembrane subunit IICBGlc (Figure 1). Enzyme I and
HPr are general phosphoryl carrier proteins which deliver
phosphoryl groups also to other PTS transporters with
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different sugar specificity. There are at least 13 PTS
transporters of different but partly overlapping sugar speci-
ficity known in E. coli which can be grouped into four
families according to sequence similarity (Lengeler et al.,
1994). The IIAGlc subunit is aâ-sheet sandwich with six
antiparallel strands on either side, as shown by NMR and
X-ray studies with IIAGlc of E. coliand the homologous IIAGlc

domain of theBacillus subtilistransporter (Fairbrother et
al., 1992a,b; Liao et al., 1991; Pelton et al., 1991a,b;
Worthylake et al., 1991). IIAGlc of E. coli is phosphorylated
by HPr at His90, and both the phosphorylated and dephos-
phorylated forms have been studied by heteronuclear mul-
tidimensional NMR (Pelton et al., 1992, 1993). The IICBGlc

subunit of the transporter is comprised of two domains, the
IIC domain (residues 1-386) spanning the membrane eight

times (Buhr & Erni, 1993) and the cytoplasmic IIB domain
(residues 387-477) containing the phosphorylation site,
Cys421 (Nuoffer et al., 1988; Meins et al., 1993; Buhr et
al., 1994). IIC and IIB together catalyze sugar translocation
and phosphorylation. The solution structure of the 10 kDa
subclonal IIB domain was solved by heteronuclear NMR
spectroscopy (Eberstadt et al., 1996). The basic fold consists
of a split R/â-sandwich composed of an antiparallel sheet
with strand order 1243 and threeR-helices superimposed onto
one side of the sheet (Figure 2), the sequence of the
secondary structure elements beingRââRââR. The phos-
phorylation site Cys35 (corresponding to Cys421 of the
whole IICBGlc subunit) is located at the C terminus ofâ1 on
the solvent-exposed face of theâ-sheet, surrounded by Thr37
(Thr423 in IICBGlc), Arg38 (Arg424), Arg40 (Arg426), and

FIGURE 1: Glucose-specific phosphoenolpyruvate-dependent phosphotransferase system. Phosphoryl groups are sequentially transferred
from PEP to the transported sugar. The IIB domain of the IICBGlc subunit is phosphorylated at a cysteine; all other proteines are phosphorylated
at a histidine side chain. Also indicated are two representative regulatory functions of enzyme I and the IIAGlc subunit (Hurley et al., 1993;
Lux et al., 1995).

FIGURE 2: Three-dimensional structure of IIBGlc from NMR data (Eberstadt et al., 1996). The representation shows a superposition of the
R-carbon traces for residues 15-94 of 11 structures of the IIBGlc domain ofE. coli (the flexible N and C termini are omitted).
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Gln70 (Arg456) which are invariant in 15 homologous IIB
domains from other PTS transporters (Seqbase release 30.0
EMBL/Swiss-Prot; Sander & Schneider, 1991).
It was shown that phosphoryl transfer occurs not only

between IIA and IIB units of the same transporter but also
as cross-talk between IIA and IIB units of structurally
homologous transporters with different sugar specificity
(Vogler et al., 1988; Schnetz et al., 1990), and it has been
suggested that the components of the PTS form membrane-
associated multiprotein complexes, the actual composition
of which might vary, depending on the metabolic require-
ments of the cell (Scholte et al., 1982; Brouwer et al., 1982;
Saier et al., 1982; Misset et al., 1983; Mao et al., 1995b).
These observations suggest that one and the same PTS
subunit can associate with a number of different proteins
from which it accepts and to which it transfers phosphoryl
groups in a highly specific way. The modular design with
relatively small domains of less than 30 kDa, the variety of
their different folds, and the multiple protein interactions
involved make the PTS an interesting object for the study
of histidine and cysteine phosphorylation and of the specific-
ity of protein-protein contacts. The effect of phosphoryl-
ation on the solution structure of the IIBGlc domain and the
mapping of the contact regions between IIBGlc and IIAGlc

are the subject of this report.

EXPERIMENTAL PROCEDURES

Protein Purification and Sample Preparation. The ex-
pression and purification of subclonal15N- and 13C,15N-
labeled IIBGlc by Ni2+ chelate affinity chromatography have
been described elsewhere (Buhr et al., 1994; Golic Grdado-
lnic et al., 1994). For the expression of IIAGlc, the genecrr
was cloned behind thePtac promoter. The expression
plasmid pMScrr1 was constructed by ligating theNdeI/EcoRI
(blunt) insert fragment from plasmid pMacrrN (structural
gene for IIAGlc; Schunk, 1992; Mao et al., 1995b) with the
NdeI/HindIII (blunt) vector fragment of pMS470∆8 (expres-
sion vector bearingPtacand thelacI gene, gift of E. Lanka,
Berlin; Fürste et al., 1986).E. coli strain W3110(pMScrr1)
was grown in 1 L of minimal salts medium supplemented
with 1 g of [15N]NH4Cl2 and 0.6% glucose. When the culture
had reached an OD550 of 2, protein expression was induced
with 0.25 mM IPTG and incubation continued for 10 h. IIAGlc

from the cytosolic fraction of 8 g of cells (wet weight) was
purified on DEAE-cellulose (7 mL; Mao et al., 1995a); the
IIA Glc-containing fractions were concentrated by ultrafiltra-
tion (Centriprep-10, Amicon), and IIAGlc was purified by gel
filtration (Superdex 75, Pharmacia). Impurities in the
shoulder fractions were removed by a second round of gel
filtration; the pure peak fractions were pooled, dialyzed
against 20 mM NaPi (pH 6.8), and concentrated by ultrafil-
tration. The yield was 17 mg of [15N]IIA Glc as determined
by quantitative amino acid analysis. NMR spectra were
recorded with proteins dissolved in 450µL of 20 mM NaPi
(pH 6.8), 0.15 M NaCl, 1 mM EDTA, 1 mM NaN3, 0.5 mM
dithiothreitol, 2 mM MgCl2, and 1 mM NaF. D2O (50µL)
was added for the deuterium lock.
In Situ Phosphorylation of IIBGlc. To continuously re-

generate phospho-IIBGlc from hydrolyzed IIBGlc, 20 mM
phosphoenolpyruvate, 5µM enzyme I, 10µM HPr, and 10
µM IIA Glc were added. No chemical shift changes were
observed in the15N-HSQC spectrum upon addition of

phosphoenolpyruvate, MgCl2, and NaF. Addition of catalytic
amounts of enzyme I, HPr, and IIAGlc led to phosphorylation
of IIBGlc in a few minutes. A series of one-dimensional31P
spectra was recorded over a period of 4 days to monitor the
stability of P-IIBGlc (Figure 3). While the intensity of the
PEP signal decreased continuously, due to hydrolysis/
rephosphorylation of IIBGlc, IIBGlc could be maintained in
the phosphorylated state for ca. 100 h.
Complexation between IIAGlc and IIBGlc. To examine the

interaction between IIAGlc and IIBGlc, mixtures containing
0.5 mM 15N-labeled protein and 1.0 mM unlabeled subunit
in a final volume of 0.6 mL were analyzed by heteronuclear
NMR. Under these conditions, complexation of the15N-
labeled moiety by the unlabeled protein was complete, as
deduced from the1H,15N-correlation spectra.
NMR Spectroscopy. All 1H-detected NMR spectra were

recorded at pH 6.8 and 300 K on a Bruker AMX600
spectrometer equipped with shielded z-gradients (ca. 50
G/cm). The one-dimensional31P spectra shown in Figure 3
were measured on a Bruker AMX500 spectrometer.
The two-dimensional15N-HSQC spectra (Bax et al., 1990)

of IIBGlc, P-IIBGlc, and the IIAGlc/IIBGlc complexes, as well
as the three-dimensional15N-TOCSY-HSQC experiment
(Marion et al., 1989a; with a 50 ms DIPSI-2 mixing period,
Shaka et al., 1988) and the three-dimensional15N-NOESY-
HSQC spectrum (Marion et al., 1989b; Kay et al., 1989; with
50 ms NOE mixing time) of P-IIBGlc, were recorded and
processed as described (Golic Grdadolnik et al., 1994).
Assignment of the residues was achieved by comparison

with the published chemical shifts and connectivities of
unphosphorylated IIAGlc (Pelton et al., 1991a,b) and IIBGlc

(Golic Grdadolnik et al., 1994; Eberstadt et al., 1996) and
from evaluation of the NOESY and TOCSY correlation data
for phospho-IIBGlc.
The three-dimensional surfaces (Figures 7, 9, and 11) were

generated by the MOLCAD module of SYBYL (Tripos AG,
Version 6.2) from calculated electron densities.

FIGURE 3: Series of31P spectra of P-IIBGlc recorded after the
addition of the phosphorylating enzymes att ) 0. The chemical
shifts are reported relative to inorganic phosphate at 0 ppm;
phosphocystein appears at 11.7 ppm and PEP at-3 ppm. The signal
of phosphocystein is unchanged for more than 100 h, while the
signal of PEP decreases.
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RESULTS

Cysteine Phosphorylation. The thiophosphate ester of
phospho-IIBGlc has a half-life of 40 h (Buhr et al., 1994).
To regenerate P-IIBGlc, PEP and catalytic amounts of enzyme
I, HPr, and IIAGlc were added. The addition of PEP alone
does not have an effect on the NMR spectrum of IIBGlc (not
shown). Only when the phosphoryl carrier proteins enzyme
I, HPr and IIAGlc were also included did a31P signal appear
at 11.7 ppm, which is characteristic of phosphate thioesters
(Pas et al., 1991; Robillard et al., 1993). The chemical shift
as well as the intensity of the signal remains unchanged for
over 100 h, while the31P resonance of PEP at-3 ppm
decreases continuously due to hydrolysis of the phosphate
thioester and ensuing consumption of PEP (Figure 3). This
in situ regeneration system allowed the acquisition of a two-
dimensional15N-HSQC spectrum and of two heteronuclear
three-dimensional NMR experiments (three-dimensional
HSQC-TOCSY and three-dimensional HSQC-NOESY) of
phosphorylated IIBGlc.
Structural Changes Induced by Phosphorylation. The

effect of phosphorylation of IIBGlc can be followed by an
analysis of the15N-HSQC spectrum shown in Figure 4, with
the signals in gray being1H-15N correlations of the unphos-
phorylated protein and the signals in black showing1H-
15N correlations of the phosphorylated IIBGlc domain. Ob-
viously, most resonances do not change their position in the
spectrum upon phosphorylation. However, some resonances
exhibit significant shifts after addition of the PTS components
and PEP. In particular, the amide signals of the residues
clustered around the active site (residues 34-40) change their
position in the15N-HSQC spectrum considerably.
Assignment of the signals of phosphorylated IIBGlc could

often be accomplished by a simple comparison of the spectra

before and after phosphorylation. This procedure worked
well for the majority of only slightly shifted amide signals.
Only those amide resonances experiencing large chemical
shift changes (residues Cys35, Ile36, Thr37, Arg38, Leu39,
and Arg40) had to be assigned using three-dimensional15N-
TOCSY-HSQC and three-dimensional15N-NOESY-HSQC
spectra. Furthermore, assignments of several side chain1H
resonances of P-IIBGlc were obtained from the three-
dimensional TOCSY-HSQC spectrum. Many of the HR and
Hâ protons as well as the methyl groups of alanine, valine,
isoleucine, and leucine could thus be identified. However,
some of the lysine and arginine side chain protons could
not be assigned unambiguously due to spectral overlap in
these regions.
A quantitative summary of the observed amide chemical

shift changes (represented as the difference between the
chemical shifts of the amide resonances in the dephosphor-
ylated and phosphorylated state) reveals that the largest
chemical shift changes occur for the conserved residues
around the active site, i.e., Leu32-Arg40 (Figure 5). There
are also smaller but still significant changes in chemical shifts
occurring in residues Thr30, Ser42, Val46, Gly61, Val62,
Val63, Val64, Val69, Gln70, Ala71, Phe73, Gly74, Ser77,
and Asp78.
However, quantitative results of structural changes upon

protein phosphorylation should not be deduced from chemical
shift changes alone. Detailed information about the three-
dimensional structure of a molecule is best obtained from
NOEs, reflecting proton-proton distances in the three-
dimensional structure. Therefore, three-dimensional15N-
edited NOESY spectra in the dephosphorylated state were
compared with the same spectra of the protein in the
phosphorylated form. In Figure 6, strips from the three-
dimensional15N-NOESY-HSQC spectra in both states are
aligned for the residues around the active site experiencing

FIGURE 4: Overlay of the15N-HSQC spectra of the unphosphory-
lated (gray contours) and phosphorylated (black contours) IIBGlc

domain of E. coli at 300 K and pH 6.8. Signals that show a
significant shift upon phosphorylation are labeled with their residue
type and sequential position (the signal of Thr37 is folded, as
indicated by the broken arrow).

FIGURE 5: Chemical shift differences for1HN and 15N of the
backbone amide signals of IIBGlc phosphorylated at Cys35, relative
to unphosphorylated IIBGlc. In addition to Pro17, the amide signals
of residues Asn4, Gly66, Ser67, and Thr75 could not be detected;
their chemical shift differences were therefore set to zero.

Cysteine Phosphorylation and Complexation of IIBGlc Biochemistry, Vol. 36, No. 24, 19977411



the largest changes of amide chemical shifts. Other residues
with no or only small chemical shift changes show practically
identical NOESY spectra in the phosphorylated and dephos-
phorylated state.
For some residues, this comparison was complicated by

overlapping amide signals; the1H-15N correlations of
residues Cys35, Ile36, Arg38, and Leu39 are obscured by
the amide signals of residues Asp85, Leu39, Asn31, and
Ile36, respectively, in the phosphorylated state, though not
in the unphosphorylated protein (cf. Figure 4). However, a
detailed inspection of the three-dimensional NOESY spec-
trum shows that only very fewnewNOE cross-peaks emerge
in the spectrum of the phosphorylated protein; the amide
protons of residues Ile36, Thr37, Arg38, and Leu39 exhibit
more NOE correlations after phosphorylation, especially the
HN-HN NOEs of Thr37 with Ile36 and Arg38 become very
intense (cf. Table 1). The few new NOEs in the phospho-
rylated protein are only found between protons that are
already close neighbors in the unphosphorylated structure.
Therefore, significant changes of the conformation of IIBGlc

upon phosphorylation can be excluded, except for minor
rearrangements at the phosphorylation site. Thus, using the
three-dimensional structure of theunphosphorylatedIIBGlc

for a visual representation of observed amide shifts in the
phosphorylatedprotein is justified (Figure 7); the affected
residues are all clustered in spatial proximity to the active
site Cys35, either in strands 1, 2, and 4 of theâ-sheet or in
the loop region connectingâ4 to the C-terminal helixR3.
The amide protons of Ile36, Thr37, and Arg38 in the loop

region betweenâ1 andâ2 show extreme exchange broaden-
ing in the unphosphorylated state, leading to very low
intensity in the15N-HSQC spectrum (see Figure 3, gray
signals of Ile36, Thr37, and Arg38). In the phosphorylated
state, however, these signals are as sharp and intense as the
other amide signals in the15N-HSQC spectrum (see Figure
3, black signals of Ile36, Thr37, and Arg38). This effect
might contribute to the already mentioned increase in NOEs

observed for these amide signals in the phosphorylated state.
The significant line sharpening is a clear indication of a
stiffening of the three-dimensional structure in this region
upon phosphorylation, probably caused by the formation of
hydrogen bonds with oxygen atoms of the phosphoryl group
at Cys35.
Interaction between IIAGlc and IIBGlc. Phosphoryl transfer

from IIAGlc to IIBGlc proceeds by an in-line associative
mechanism resulting in inversion of configuration at the
phosphorus atom (Begley et al., 1982). His90 of IIAGlc and
Cys35 of IIBGlc become transiently bridged by the phosphoryl
group in this process. The investigation of the complexation
of both proteins followed a course similar to that of the
phosphorylation experiments.15N-HSQC spectra of the
uncomplexed forms of both proteins IIAGlc and IIBGlc were
compared to the15N-HSQC spectra of the complexed ones
(not shown). Due to the larger size of the IIA/IIB complex
(ca. 26 kDa) and the lower concentration (ca. 0.5 mM) of
the observable15N-labeled moiety, when compared to the
phosphorylated IIBGlc sample, the acquisition of three-
dimensional15N-edited spectra was not feasible any more.
Nevertheless, assignment and determination of the chemical
shift differences between the complexed and free state were
still possible for the majority of the IIAGlc as well as the
IIBGlc amide signals (cf. Figures 8 and 10). Again, a change
of the chemical shifts of the amide signals can be related to
an interaction of a particular residue with the complex
partner. Significant shifts upon complex formation were
observed for the following amide signals of IIAGlc: I23, V31,
N32, I33, N36, V40, F41, A42, E43, I45, D48, G49, I50,
I52, G56, T66, I67, G68, K69, I70, F71, E72, T73, N74,
H75, A76, F77, S78, I79, E80, D82, E86, L87, F88, V89,
H90, F91, I93, D94, T95, V96, K99, G100, E101, G110,
Q111, K132, S133, T134, V138, V139, I140, S141, N142,
M143, D144, I150, and I166 (Figure 8). In IIBGlc, com-
plexation caused significant amide shifts in residues V20,
T30, L32, D33, A34, C35, I36, T37, R38, L39, R40, V41,
S42, A60, G61, V63, G68, V69, A71, I72, F73, G74, K76,
D78, L80, E83, D85, and I88 (Figure 10). Figures 9 and 11
depict the observed effects on the three-dimensional struc-
tures of IIAGlc and IIBGlc; residues with significantly shifted

FIGURE 6: Strips taken from the three-dimensional15N-NOESY-
HSQC spectrum of IIBGlc (top slice) and P-IIBGlc (bottom slice)
for residues clustered around the active site and whose amide signals
exhibit significant chemical shift changes. Lines correlate NOEs
between identical proton pairs; intraresidual NOEs are indicated
by the Greek letters denoting their position, without residue labels.
The NOE patterns of Cys35, Ile36, Thr37, Arg38, and Leu39 are
complicated in the spectrum of P-IIBGlc by overlap of their amide
signals with other amide signals in both the proton and nitrogen
dimensions (marked with an asterisk).

Table 1: Observed NOE Intensity Changes in the
Three-Dimensional15N-NOESY-HSQC Spectrum of P-IIBGlc vs
IIBGlc

residues P-IIBGlc IIBGlc

D33HN-R40HΝ medium missing
D33HN-I32Hâ weak missing
C35HN-R38HN medium weak
C35HN-C35HR medium missing
C35HN-C35Hâ very weak missing
C35HN-C35Hâ′ strong weak
I36HN-T37HN medium very weak
T37HN-R38HN strong missing
T37HN-T37HR medium missing
T37HN-I36HR weak missing
T37HN-C35Hâ very weak missing
T37HN-I36Hâ strong weak
T37HN-T37Hγ strong missing
T37HN-I36Hγ weak missing
R38HN-R38HR medium missing
R38HN-L39HR strong missing
R38HN-R38Hâ medium missing
L39HN-A71HN weak very weak
L39HN-R38HN weak missing
L39HN-I72HR very weak missing
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amide signals as well as the active site residues (His75 and
His90 of IIAGlc and Cys35 of IIBGlc) are indicated by dark
shading.
As expected, residues of IIAGlc surrounding the active site

His75 and His90 show the largest chemical shift changes
(Figures 8 and 9, left panel). IIAGlc is a sandwich of two
â-sheets, each consisting of six antiparallel strands. The

observed chemical shift changes are clustered on five strands
of the sheet containing the active site (D48, G49, I50, and
I52; I70 and F71; H75, A76, F77, S78, I79, and E80; E86,
L87, F88, V89, H90, F91, and I93; V138, V139, I140, and
S141), in the two short helices adjacent to the active site
(I33 and N36; V40, A42, and E43; D94, T95, V96, and K99),
and in nonperiodic structures of the same face (I45, K69,
I70, F71, T73, N74, S133, T134, N142, and M143). Only
one residue showing small chemical shift changes is located
on the rear face of the protein (I23, Figure 9, right panel).
The residues of IIBGlc experiencing the biggest shift

changes are located close to the active site Cys35 (Figures
10 and 11, left panel), namely in the first two strands of the
â-sheet (T30, L32, D33, A34, C35, I36, T37, R38, L39, R40,
V41, and S42), in the loops afterR-helix 2 (A60 and G61)
andâ-strand 4 (A71, I72, F73, and G74), and inR-helix 3
(K76, D78, L80, E83, and D85). No significant shifts were
observed for any of the residues on the opposite side of IIBGlc

(Figure 11, right panel).

DISCUSSION

The IIBGlc domain of the glucose transporter has two
functions. On one hand, it transfers a phosphoryl group from
IIA Glc to the sugar substrate, on the other hand, it is necessary
for sugar translocation by the IIC domain. Neither the IIC
domain alone nor unphosphorylated IICBGlc or a IICBGlc

mutant with a glutamic acid in place of the active site
cysteine is capable of sugar transport (Buhr et al., 1994; A.
Buhr and Q. Mao, unpublished results). Two arginines of
the IICBGlc subunit (Arg426 and Arg428, corresponding to
Arg38 and Arg40 of the subclonal IIB domain) are essential
for transport and phosphorylation of glucose but not for
phosphorylation of IICBGlc by the IIAGlc subunit (R. Lanz
and B. Erni, unpublished mutagenesis results).
Protein phosphorylation can induce local or global con-

formational changes in the phosphorylated structure itself
and affect the structure of and association to other protein
subunits, mainly by electrostatic interactions (Johnson &

FIGURE 7: Effects of phosphorylation of IIBGlc at Cys35 (phosphate group not shown), displayed on the three-dimensional structure of the
protein (Eberstadt et al., 1996; Brookhaven Protein Data Bank ID code 1iba). Residues experiencing a significant amide shift upon
phosphorylation are shown with shading on the electron density surface. Several residue labels are provided for orientation: (left) a view
of the active site Cys35 and (right) a view from behind (after a 180° rotation about a vertical axis through the center of the molecule).
Obviously, the observed effects are limited to the spatial neighborhood af the phosphorylation site.

FIGURE 8: Chemical shift differences for1HN and 15N of the
backbone amide signals of residues 1-168 of IIAGlc complexed
with IIBGlc. In addition to the proline residues at positions 25, 37,
54, 62, 125, 137, and 162, the amide signals of some residues could
not be observed (G1, L2, S8, V10, V46, N57, and S83) or assigned
unambiguously due to overlap in the15N-HSQC spectra (L6, D13,
T19, E29, D38, V39, K44, V85, D117, D123, L127, K130, and
K167). For residues F41, I45, E72, T73, H75, H90, F91, D94, V96,
and V139, no unambiguous assignment was possible for the
complexed state, but the chemical shift differences clearly exceed
1 ppm for both1HN and15N (marked with an asterisk).
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Barford, 1993). Phosphorylation of the IIB domain could
trigger a conformational transition of the IICGlc and/or the
IIBGlc domain and thus affect the vectorial translocation of
the substrate.
Protein Phosphorylation. The NMR chemical shift is a

sensitive parameter for changes in the local nuclear environ-
ment in molecules, i.e., the surrounding electron density
(affected by electrostatic effects of neighboring nuclei,
hydrogen bonding, etc.), peptide bond anisotropy, aromatic

ring current effects, and more. Chemical modifications of
and complex formation between macromolecules will gener-
ally cause chemical shift perturbations at the corresponding
interaction sites, via either local conformational changes or
any other effects on the local electron distribution (Wittekind
et al., 1990). A qualitative evaluation of chemical shift
changes can therefore be used for the detection and localiza-
tion of effects caused by protein phosphorylation or the
formation of a protein/protein complex (Pelton et al., 1992).

Chemical shift perturbations were used to analyze the
structural changes of the IIB domain of the glucose trans-
porter upon phosphorylation. A comparison of the15N-
HSQC spectra of the phosphorylated and unphosphorylated
protein shows that the majority of the1HN and15N signals
do not shift upon phosphorylation; therefore, it can be
concluded that IIBGlc does not undergo a global structural
change after phosphorylation at Cys35. The majority of the
residues affected by phosphorylation are located in the turn
between the first and secondâ-strands immediately adjacent
to the active site. The size of the chemical shift changes
observed for these residues (up to ca.(1 ppm for1HN and
(5 ppm for 15N) is comparable to that of the changes
reported for the immediate environment of a phosphorylation
site (Pelton et al., 1992). The close correspondence between
NOE cross-peak patterns in the two three-dimensional15N-
NOESY-HSQC spectra indicates that larger conformational
changes do not occur at the active site either (cf. Figure 6
and Table 1). Differences in cross-peak intensities and a
few new intraresidual and sequential NOEs for the amide
protons of Cys35, Ile36, Thr37, and Arg38 point to the
possibility of small conformational changes in this region.
Most conspicuous is the strong intensity difference of the
amide signals of residues Ile36-Leu39 in the15N-HSQC
spectrum, indicating that the fast exchange of the amide
protons at the active site of IIBGlc slows upon phosphory-
lation. This effect can be explained by hydrogen bonding
between the backbone amide protons of the active site
residues and oxygens of the bound phosphate, as well as by

FIGURE 9: Electron density surface of IIAGlc of E. coli, calculated from the X-ray structure (Worthylake et al., 1991; Brookhaven Protein
Data Bank ID code 1f3g). Backbone atoms of residues with significant (i.e.,>12 Hz) amide signal shifts upon binding to IIBGlc are shown
with dark shading, as well as the active site residues His75 and His90: (left) a view of the postulated binding site with the active site in
its center, with several residues having labels for easy orientation, and (right) a view from the opposite direction (rotated by 180° about a
vertical axis relative to the left panel).

FIGURE 10: Chemical shift differences for1HN and 15N of the
backbone amide signals of IIBGlc complexed with IIAGlc, relative
to free IIBGlc. The chemical shift differences of residues Cys35,
Ile36, Thr37, Arg38, Leu39, and Gly74 (marked with an asterisk)
could not be determined unambiguously; however, they exceed 1
ppm for 1HN and 15N. The values for Pro17 and Thr75 (missing
assignment in free IIBGlc) were set to zero.
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electrostatic and hydrogen bonding interactions of the
phosphate group with the side chain of Arg38.
There are two groups of phosphoproteins which are of

particular interest for comparison. The first group comprises
the phosphotyrosine phosphatases (PTPases), the only pro-
teins with cysteine-containing phosphorylation sites for which
high-resolution X-ray structures are known (Stuckey et al.,
1994; Su et al., 1994; Barford et al., 1994; Fauman & Saper,
1996). Comparison of the native and tungstate complexed
structures of the high-molecular mass PTPases showed that
only localized protein conformation changes accompany
tungstate binding and that the tungstate oxygens in the active
site undergo hydrogen bonding to the main chain nitrogen
atoms of the active site loop. The active site sequences
HCXAGXRS/T and CLGNICR of the high- and low-
molecular mass PTPases, resepectively, contain arginines five
to six residues downstream from Cys, a feature which is
shared by the invariant CXTRLR sequences of the homolo-
gous IIB domains. For the PTPases, it was demonstrated
that the side chain of arginine encircles the tungstate ion
(Barford et al., 1994; Stuckey et al., 1994).
The phosphoryl carrier protein HPr, the IIAGlc subunit, the

subclonal IIA domain of the mannitol transporter (IICBAMtl)
of the bacterial phosphotransferase system, and the chemo-
taxis kinase CheA comprise the second group of interest.
However, these proteins are phosphorylated at a histidine
rather than at a cysteine. The effects of phosphorylation have
been investigated by high-resolution NMR and X-ray
techniques (Jia et al., 1993; Pelton et al., 1992, 1993; van
Nuland et al., 1993, 1994, 1995, 1996; Rajagopal et al., 1994;
Zhou et al., 1995). Chemical shift changes observed upon
phosphorylation of these proteins are restricted to the
surroundings of the active site. The phosphoryl group bound
to His15 of HPr is most likely complexed by the guanidino
group of Arg17, as inferred from the observed restriction of
the latter’s conformational freedom and from31P chemical
shift changes (Rajagopal et al., 1994). However, more
recently, this stabilization of the phosphoryl group by Arg17

has been questioned, on the basis of a molecular dynamics
simulation of phospho-HPr in water (van Nuland et al., 1995,
1996). It has been postulated that in the IIAGlc/HPr complex
the Arg17 side chain of HPr switches between the phosphoryl
group at His15 of HPr and the carboxylic groups of Asp31
and Asp87 of IIAGlc (Herzberg, 1992). As the active sites
of HPr and IIBGlc interact with the same phosphorylation
site on IIAGlc, Arg38 or Arg40 of the IIB domain may
function similarly (see below).
Protein-Protein Interactions. The IIBGlc domain is phos-

phorylated by the IIAGlc subunit of the glucose transporter.
This necessitates specific interactions between the two
proteins. Chemical shift changes are indicative of a specific
interaction between proteins and can be used to map the
binding surfaces (Takahashi et al., 1991). For the exact
determination of the relative orientation of the two subunits
in the complex, a set of intermolecular NOEs would be
required, yielding specific distance constraints between the
residue pairs involved. Such NOEs could not be detected
in our 15N-labeled complexes, which is not surprising, since
most protein-protein contacts will arise between the side
chains and are not accessible from15N-edited spectra.
However, some information about the complex can be
deduced from combining NMR spectroscopic and biochemi-
cal data. So the amide resonances that shift upon binding
between IIBGlc and the IIAGlc subunit belong to residues
located on a continuous surface around the two phosphory-
lation sites (His90 and Cys35). Since the perturbations are
restricted to a small area of the protein surface, a change of
the overall conformation upon complex formation is unlikely.
The binding surfaces of IIBGlc and IIAGlc appear to be
complementary in shape and chemistry. While the phos-
phorylation site of IIAGlc is situated in a concave hydrophobic
depression (Herzberg, 1992; Worthylake et al., 1991), the
active site cysteine of IIBGlc is located on a hydrophobic
protrusion (Eberstadt et al., 1996). Most of the residues in
the contact area have nonpolar side chains; therefore,
hydrophobic interactions may play a predominant role.

FIGURE 11: Electron density surface of IIBGlc of E. coli, calculated from the solution NMR structure (Eberstadt et al., 1996; Brookhaven
Protein Data Bank ID code 1iba). Similar to Figure 7, backbone atoms of residues exhibiting significant amide signal shifts (>12 Hz) upon
binding to IIAGlc are shown with dark shading, as well as the phosphorylation site residue Cys35: (left) a view of the postulated binding
site, which is again centered around the active site (residue labels are provided for orientation only), and (right) a view from the opposite
direction (rotated by 180° about a vertical axis relative to the left panel).
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When S of Cys35 and N3 of His90 are brought into the apical
positions of a bridging (trigonal bipyramidal) phosphorus and
the binding surfaces (as derived from the chemical shift
perturbations) are aligned, an arrangement with theâ-sheets
of IIBGlc and IIAGlc oriented parallel to each other appears
to be most plausible. Located in the mainly hydrophobic
contact area of IIAGlc are the strongly conserved polar
residues Ser141 (Ser or Thr in all 18 homologous IIA
domains), Glu86 (Glu or Asp in 16 out of 18 IIA domains),
and Lys69 (invariant in all IIA domains from Gram-negative
bacteria). Gln70 is invariant in the contact area of IIB. These
residues could further specify the relative orientation and
the interactions by participating in hydrogen bonds between
IIA Glc and IIBGlc.
IIA Glc which donates its phosphoryl group to IIBGlc is itself

phosphorylated by the 9 kDa phosphoryl carrier protein HPr.
It is therefore likely that the contact surfaces of IIAGlc for
HPr and IIBGlc are overlapping. The binding interfaces of
IIA Glc and HPr ofB. subtilis(which are very similar to the
respectiveE. coli proteins) have been mapped by NMR ex-
periments (Chen et al., 1993), and an atomic model for the
complex between HPr and IIAGlc has been proposed on the
basis of energy minimization of the docked high-resolution
X-ray structures (Herzberg, 1992). The binding surfaces for
HPr and IIBGlc are similar as both are located on the five
â-strands and twoR-helices surrounding the active site of
IIA Glc. In contrast, the contact and active site areas of IIBGlc

and HPr are different. HPr and IIBGlc are both splitR/â-
sandwiches of threeR-helices and an antiparallelâ-sheet
(IIBGlc, RââRââR, strand order 1243; HPr,âRââRâR, strand
order 1423). However, IIBGlc contacts IIA through the
â-sheet, while HPr mainly binds throughR-helix 1; the active
site of IIBGlc is located on a turn between strandsâ1 and
â2, while in HPr, its position is in the loop betweenâ1 and
R1.
The effect of phosphorylation on the IIBGlc domain is

similar to that found for the other PTS proteins HPr and
IIA Glc. The phosphoryl group obviously has only little
influence on the global fold of these three proteins, which
is not unexpected, since the phosphorylation site is located
on the surface of the protein and exposed to the solvent.
The small phosphoryl group can be added to the cysteine or
histidine side chain without a need for structural rearrange-
ment. However, while HPr and IIAGlc serve, at least in a
first approximation, only as phosphoryl transfer catalysts,
the IIBGlc domain is expected to be involved also with the
IIC-dependent vectorial transport of glucose. How IIB and
IIC are conformationally coupled and what role phospho-
rylation plays in this process remain open questions for the
moment.
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