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ABSTRACT: The mannose transporter of Escherichia coli consists of two transmembrane and one peripheral
protein subunit. The complex acts by a mechanism which couples translocation of the substrate with
substrate phosphorylation. The peripheral IIABMa7 is a homodimer. The IIABM2" monomer itself contains
two domains which are linked by an Ala-Pro-rich hinge and which are both transiently phosphorylated at
histidyl residues. The ITA and IIB domains can be separated by limited proteolysis. The ITA domain has
a dimer molecular mass of 2 X 14 kDa. Almost complete 'H, 13C, and N NMR assignments of the
backbone resonances of IIAM2 have been achieved using 3D and 4D double- and triple-resonance techniques.
Secondary structure elements were derived from NOE data. The ITA domain consists of a central 3-sheet
of four parallel and one antiparallel strand (strand order 5 4 3 1 2) with helices on both sides of the sheet.
The active-site His-10 is located in a loop at the C-terminus of 8-strand 1. This loop and the loop after
strand 3 are at the topological switch point of the sheet.

Solute transport across a biological membrane and against
a concentration gradient is an energy-requiring process. The
driving force is provided by transmembrane ion gradients, a
transmembrane potential difference, the free energy of ATP
hydrolysis, or group transtocation. The hallmark of group
translocation is the coupling of transport with chemical
modification of the transported substrate; e.g., a group of
bacterial transporters, termed “enzymes II” by Kundig and
Roseman (1971), catalyze the uptake of carbohydrates
concomitant with their phosphorylation. They are components
of the bacterial phosphotransferase system (PTS).! The PTS
transporters consist of three functional units, termed IIA,
IIB, and IIC, and occasionally of a fourth subunit, IID. The
IIC (and IID) units are transmembrane; the ITA and IIB
units are hydrophilic. IIA, IIB,and IIC can be protein subunits
of a complex or domains of a multidomain protein. Two
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cytoplasmic proteins, termed enzyme I and HPr, sequentially
transfer phosphoryl groups from phosphoenolpyruvate to the
IIA units of the different transporters. The phosphoryl groups
arethen transferred tothe IIB unit and hence tothe transported
substrate. In addition to its function in carbohydrate uptake,
the PTS proteins play a role in the regulation of bacterial
metabolism [for reviews, see Meadow et al. (1990), Erni
(1992), and Postma et al. (1993)].

The mannose transporter of Escherichia coli mediates
uptake with concomitant phosphorylation of mannose and
related hexoses that differ by substituents at the C(2) atom.
It is a complex of three protein subunits termed ITABMan,
IICMan_and [IDMan, JICManand [IDMe# are presumed tospan
the membrane 6 and 2 times, respectively (Erni et al., 1987).
ITABMenis a water-soluble peripheral membrane protein which
exists as a homodimer (subunit M, 35 016). It is associated
to the transmembrane subunits on the inner surface of the
membrane. ITABMen consists of 2 domains, ITAMan (14 kDa)
and IIBMan (20 kDa), which are linked by a 20-residue-long,
Ala- and Pro-rich hinge (Erni, 1989). ITABMan transfers
phosphoryl groups from HPr to the transported substrate in
the order HPr (His-15) — IIA (His-10) — IIB (His-175) —
mannose (O-6"). In this reaction, the proteins are transiently
phosphorylated at the indicated histidines. Phosphoryl transfer
in the IIABMan dimer occurs between ITA and IIB domains
on the same as well as on different subunits (Stolz et al.,
1993). The IIA domain provides the intersubunit contact of
the ITABM2? dimer, and the IIB domain interacts with the
transmembrane subunits (Erni et al., 1989). Highly similar
to the mannose transporter (40-65% identical residues) are
the fructose transporter of Bacillus subtilis (Martin-Verstraete
et al,, 1990) and the sorbose transporter of Klebsiella
pneumoniae (EMBL Data Base Accession No. X66059,
submitted by U. F. Wehmeier; Wohrl & Lengeler, 1990).
However, in contrast to IIABM2n TIA and IIB of these
complexes exist as independent protein subunits which are
not linked by an Ala-Pro-rich hinge.
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ITABM=n js a promising candidate for the study of inter-
domain, intersubunit, and heterologous protein—protein in-
teractions, and of the effect of multiple protein phosphorylation
on protein conformation. Advanced knowledge of its structure
might be of help for the elucidation of the structure of the
membrane—protein complex. As of bacterial origin, the protein
can be modified by site-directed mutagenesis, and structural
alterations can be correlated with changes of function invitro
and invivo (Stolz et al., 1993). Although the intact IIABMan
dimer is too large for NMR studies in solution, the isolated
domains are of a size amenable to isotope-edited NMR
analysis. IIA and IIB domains can be prepared from purified
IIABMan by limited trypsin digestion or be overexpressed
separately (Erni et al,, 1989). The separate domains are
completely stable and retain their catalytic function.

Of the PTS proteins, the structures of the 9-kDa HPr of
E. coli and B. subtilis have been studied in greatest detail by
both NMR (Klevit & Waygood, 1986; Hammen et al., 1991;
Sharma et al., 1993; van Nuland et al., 1992; Wittekind et
al., 1992; van Dijk et al., 1990, 1992; Kruse et al., 1993;
Kalbitzer & Hengstenberg, 1993) and X-ray techniques (EI
Kabbanietal., 1987; Herzbergetal., 1992; Jiaet al., 1993a,b).
The NMR and X-ray structures of the 18-kDa E. coli ITASl
subunit and of the B. subtilis IIAC domain of the respective
glucose transporters have also been determined (Pelton et al.,
1991a,b, 1992, 1993; Worthylake et al., 1991; Fairbrother et
al., 1991a,b, 1992; Liao et al., 1991; Chen et al., 1993a,b).
More recently, the secondary structures of the IIAM4 domain
of the E. coli mannitol transporter (Kroon et al., 1993) dnd
of the IIBCG* domain of the E. coli glucose transporter
(Grdadolnik et al., 1994) have been determined by hetero-
nuclear NMR. The IIAMen and the ITAMY domains have
been crystallized (Génovésio-Taverne et al., 1990; Lammers
et al., 1992).

As a first step toward elucidation of the three-dimensional
structure of [IABMan by NMR, the secondary structure of the
ITA domain has been determined by two-, three-, and four-
dimensional NMR experiments involving !3N-, 13C-, and (15N,
13C)-labeled IIA dimers.

EXPERIMENTAL PROCEDURES

Construction of an Expression Plasmid. The recombinant
plasmid pTSL2 (Erni et al., 1987) contains the manX gene
including the noncoding region with the endogenous promotor
and part of the manY gene. Plasmid pTSL2 was opened with
Nrul in the 5/ noncoding region of manX and progressively
truncated by digestion with ExolII nuclease for different time
intervals, trimmed with S1 nuclease, and digested with Poul.
The manX-containing DNA fragments of decreasing length
were purified by agarose gel electrophoresis and inserted behind
the tacP promoter of the expression vector pJF119EH (Fiirste
et al., 1987) opened with Sacl and Pvul. E. coli WA2127-
(manXYZ) harboring plasmid pTSPM6 (encoding manYZ
and kanamycin resistance; Erni et al., 1989) was transformed
with the ligation mixture and plated on McConkey indicator
plates containing 0.4% mannose and ampicillin. Transfor-
mants harboring recombinant plasmids with manX under
control of tacP were selected and characterized as follows (de
Meyer, 1992). (i) Colonies which weakly fermented mannose
on the master plate (because of the leakiness of the tacP
promotor) were transferred to IPTG-containing indicator
plates. Colonies which strongly fermented mannose in the
presence of 10 ug/mL IPTG were selected. (ii) IPTG-
dependent overexpression of IIABM2n was quantitated by
Western blot analysis of lysates from cell cultures grown in
liquid medium and induced in mid-log phase with 1 mM IPTG.
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TGCCAGAAAG GCAGGCGTTA AAAGGCCTGA TGCTGAAATG ACGTCGGTGA CGATCCATAC 60
TGCGGGCTAC TGCCCTATAC TCCATGGTTG TTAAACGGGA GTTAAACATA TCAGAGACGC 120
CAP CAP
CTCTGATTTG GCAAAGATTT ACCTTCCITT GCAAACGAAT GTGACAAGGA TATITTACCT 180
-35 =10
TTCGAAATTT CTGCTAATCG AAAGTTAAAT TACGGATCTT CATCACATAA AATAATTTTT 240
=35 Lp1 =-35/-10 -10
CAP
TTCGATATCT AAAATAAATC GCGAAACGCA GGGGTTTTTG GﬂmﬂLCCC TT{TCTGAAT 300
=35 F2 F3
CGATTCGATT GTGGACGACG ATTCAAAAAT ACATCTGGCA CGTTGAGGTG TTAACGATAA 360
=10

Met Thr Ile (1IaMam
TAARGGAGAT AGCAA GTG ACC ATT ... ...
s/D LF4

FIGURE 1: Upstream nucleotide sequence of manX. The nucleotides
towhich the tacP promotor of the expression vector pJF119EH (Fiirste
et al., 1986) was fused are indicated F1-F4. Fusions F2 and F3 are
inducible, F1 is constitutive, and F4 is inactive. The four putative
¢’ promotor sequences are underlined. Their homology scores
calculated according to Mulligan et al. (1984) vary between 50% and
60% of the consensus sequence. Putative CAP sites are indicated in
italics. Their homology scores calculated according to de Crom-
brugghe et al. (1984) vary between 67% and 71% of the consensus
sequence. S/D, putative ribosome binding site. Met Thr Ile, amino-
terminal residues of the ITAMa» domain.

(iii) Plasmids were isolated from transformants exhibiting
different levels of IIABMan expression upon induction with
IPTG, and the fusion joins between the tacP promoter and
the 5’ noncoding region of manX were identified by DNA
sequencing (Figure 1). Of the plasmids supporting maximal
overexpression, pTACL293 with the fusion join closest to the
translation start (83 nucleotides upstream of GUG) was used.

Sample Preparation. E.coliK-12 W3110 (hsdR* hsdM*
F'laclt M15pro*) harboring plasmid pTACL293 was grown
in 1 L of M9 minimal medium containing either 0.1%
I5SNH4CI (CIL, Cambridge Isotope Laboratories, Woburn,
MA) and 0.6% unlabeled glucose, or 0.2% uniformly !3C-
labeled glucose (CIL) and unlabeled NH4Cl, or 0.1% SN H,-
Cl and 0.2% uniformly 13C-labeled glucose. Expression of
ITABMan was induced with 0.5 mM IPTG in late-log phase
(ODgop = 1.2). The cells were harvested by centrifugation 18
h after induction.

The cells (6 g wet weight per 1 L) were resuspended in 12
mL of buffer A (20 mM NaP;, pH 7.0, 1 mM EDTA, and
0.5mM DTT) and ruptured by two passages through a French
pressure cell (20 000 psi). The cell debris was removed by
low-speed centrifugation (12000g, 10 min), and the membrane
fraction was removed by ultracentrifugation (226000g, 90
min). The supernatant containing IIABMan was carefully
withdrawn. The pellet was resuspended in 6 mL of buffer A
followed by ultracentrifugation in order to recover the residual,
membrane-associated IIABMan, The cytoplasmic supernatant
and the membrane wash were combined, protamine sulfate
was added to a final concentration of 0.33%, the precipitate
was removed by centrifugation, and the supernatant containing
ITABManr was applied to a phosphocellulose column (Whatman
P11, 70-mL bed volume) equilibrated with buffer A. IIABMan
was eluted with a NaCl gradient in buffer A. IIABMan elutes
with0.25 M NaCl. It was concentrated by ammoniumsulfate
precipitation (80%saturation). The ammonium sulfate pellet
was resuspended in 2 mL of buffer A and dialyzed against the
same buffer. ITABMar was cleaved with trypsin (1.7 pg of
trypsin/mg of IIABMsn) in buffer A (1 mg of IIABMen/m],
final volume 6 mL) at 37 °C for 30 min. The reaction was
stopped with PMSF (5 ug/mL), and the reaction mixture
was immediately applied to a phosphocellulose column (70-
mL bed volume, equilibrated with buffer A). The IIA domain
does not bind to phosphocellulose; the IIB domain was eluted
with a NaCl gradient in buffer A. When necessary, the ITIA
domain was further purified by gel filtration (HiLoad 16/60
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Superdex 75, Pharmacia). I1A and IIB were concentrated by
dialysis against ammonium sulfate; the protein pellets were
redissolved in buffer A, dialyzed against buffer A, and
concentrated to 2 mM final protein concentration (0.2-0.5-
mL end volume) with a Centricon 10 microconcentrator
(Amicon). Samples were exchanged into NaP;-buffered 100%
D,O by three cycles of dilution and concentration with a
Centricon. The final yields from 1 L of cell culture were
10-15 mg of ITA and 5-10 mg of IIB.

NMR Spectroscopy. NMR experiments were carried out
ona Bruker AMX-600, equipped witha multichannel interface
and a 5-mm triple-resonance probehead with shielded gradients
without any modifications. Some of the double-resonance
13C-H correlations were recorded on a Bruker AMX-500,
using an inverse-detection broadband probehead. All het-
eronuclear measurements were carried out at 37 °C at
monomer concentrations of 2 mmol (U-13C, 15N sample, 9:1
H,0/D;0), 1 mmol (U-13C sample, D,0), and 2.2 mmol
(U-15N sample, 9:1 H,0/D,0). 3D HNCA (Farmer et al.,
1992), HNCO (Grzesiek & Bax, 1992a), and HN(CO)CA
(Bax & Ikura, 1991) spectra were recorded with pulse
sequences similar tothose described in the literature. Number
of points, acquisition times, and measurement times, respec-
tively, for each of the experiments are as follows: for HNCA,
15N (F1), 64 real points, 32 ms; 13C« (F2), 128 real points,
11.5 ms; 'H (F3), 512 complex points, 73.7 ms, 64 scans for
each increment (total measuring time 6 days); for HNCO,
15N (F1), 64 real points, 32 ms; 13C’ (F2), 128 real points,
11.5 ms; H (F3), 512 complex points, 16 scans per increment
(36 h); for HN(CO)CA, 15N (F1), 64 real points, 32 ms; 13C=
(F2), 128 real points, 11.5 ms; 'H (F3), 512 complex points,
32 scans per increment (70 h). HN(CA)H (Clubb et al,,
1992; Seip et al., 1992a) was recorded with 'H (F1), 64 real
points, 23.3 ms, 5N (F2), 64 real points, 23.3 ms, and HN
(F3), 512 complex points, 61.5 ms. A total of 64 scans were
taken (measurement time 4.5 days). HCCH-COSY (Ikura
etal., 1991) [64 (‘H) X 32 (13C) X 512 ('H) complex points,
32 scans each, measurement time 3 days], HCCH-TOCSY
(Bax et al., 1990) (128 X 96 X 512 complex points, 32 scans
each, measurement time 5 days), and HCACO experiments
were recorded in D,0, using the U-13C sample. HCACO was
performed with CT-C« evolution (Powers et al., 1991) [32
(13C) X 64 (H) X 512 (H) complex points, 16 scans,
measurement time 2days]. AH(N)CACO (Seipetal.,1993)
[48 (C’) X 32 (C2) X 512 ('H) complex points, 64 scans,
measurement time 4 days] spectrum was recorded with spectral
widths and resolution identical to those used for the already
mentioned spectra. 2D NOESY spectra were recorded at
310 and 320 K with different mixing times.

A 5N-separated 3D NOESY was recorded with jump—
return water suppression and a 100-ms mixing time; 192 real
points were taken in the indirect 'H dimension (F1). The F2
(!5N) and F3 (!H) acquisition parameters were identical to
those used in all other correlations (vide supra); 16 scans were
taken, resulting in a total measurement time of 5.5 days. A
CBCA(CGO)NH spectrum was recorded (Grzesiek & Bax,
1992b) with 160 real points in F1 (C%/C#, spectral width of
12 500 Hz) and 64 scans per increment (F2, 15N, 56 real
points, 23 ms; F3 'H, 512 complex points, 55 ms, measurement
time 5 days). A HCA(CO)N (Kay et al., 1990b; Powers et
al., 1991) spectrum in H,O was recorded, with constant time
evolution of fully refocused CA magnetization and water
suppression using pulsed field gradient echo. To compensate
for the Bloch-Siegert phase errors during CA coherence caused
by C’ decoupling, additional C’ 180° pulses were placed
immediately before the first 90° C’ pulse and before the last
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90° CA pulse (Vuister & Bax, 1992). A ’N-13C-separated
4D NOESY (Kay et al., 1990a) was recorded (50-ms mixing
time) with 64 complex points in F1 ({H), 16 complex points
in F2 (13C), 32 real points in F3 (!*N), and 512 real points
inF4 (HN). A totalof 16 scans were taken for each increment
{measurement time 6 days). Spectral widths were identical
to those used in CBCA(CO)NH. The spectral width in the
(F1) proton dimension was set to 6 ppm. For the ’N
dimension, a single quantum evolution (HSQC) was chosen,
instead of the HMQC as described in theliterature. Inaddition
to the slightly higher sensitivity, the HSQC sequence offers
an easy method for water suppression using a spin-lock pulse
at the end of both INEPT transfers (Messerle et al., 1989).
This removes the necessity of saturation of the water resonance
and therefore allows for the observation of labile amide protons.

Quadrature detection in all experiments was achieved using
either the TPPI or the States—TPPI method for frequency
discrimination in the indirectly recorded dimensions. To yield
identical phase properties for folded and unfolded peaks in
the indirect dimensions, either delays were set to the correct
values to obtain 180° and —360° phase correction for zero
order and first order, respectively, or an additional 180°
refocusing pulse was applied in single quantum evolution
periods (Schmieder et al., 1991). Postacquisitional water
suppression was performed by subtraction of a polynomial
from the FID (Marion et al., 1989). Additional base-line
flattening was achieved by subtraction of a series of sines and
cosines that were fitted iteratively to the base line. Spectra
were processed using commercially available software (FELIX
program, Hare Research). The heavily truncated interfero-
grams in the indirect dimensions of the 4D experiment (16
complex 13C and 15N) were extrapolated by linear prediction
to 32 complex points respectively.

RESULTS AND DISCUSSION

Overexpression of IIABMa" gnd Sample Preparation. To
optimize protein expression and to minimize the risk of plasmid
loss during fermentation, the manX gene was put under the
control of the inducible tacP promotor. The optimal distance
between tacP and the coding region of manX was determined
empirically by progressively truncating the noncoding region
between tacP and the translation start. The fusion joins of
four promotor fusions (F1-F4) were identified (Figure 1).
Fusions of tacP to nucleotides 287 (F2) and 293 (F3) resulted
in an IPTG-inducible gene. The fusions F2 and F3 occurred
between the ~10and —35 elements of the putative ¢7° promotor
sequence closest to the start codon. The F1 fusion of tacP to
nucleotide 191 is located between the ~10 and —35 elements
of the third putative ¢’° promotor. Expression remained
constitutive and could not be further stimulated with IPTG.
So, the two downstream promotors appear sufficient for
maximal expression. The fusion F4 of tacP to nucleotide 371
isinactive, possibly because the endogenous ribosome binding
site is missing (Figure 1).

Due to several lysyl residues in the hinge region, limited
trypsinolysis did not afford a completely homogeneous ITIA
protein. Electrospray mass spectrometry as well as NMR
revealed three I1A species which all lacked the amino-terminal
methionine and differed in their carboxy terminus (results
not shown).

NMR Results: Special Spectral Features. Figures 2 and
3 show the 2D ISN-HSQC and 13C-HMQC spectra of [IAMan,
recorded with the U-15N/U-13C sample in HyO. A relatively
good chemical shift dispersion for some of the NH and HA
protons indicative of partial 8 structure is apparent. The HA
protons at lowest and highest field are at 6.41 and 2.51 ppm,
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respectively. The amide proton chemical shift range spans
from 5.17 to 11.10 ppm. It is also obvious, however, that the
major part of the a-proton resonances is found in a narrow
spectral region (3—4.5 ppm). Because of the homodimeric
character of the protein, only 1 set of signals of 135 residues
is visible. A substantial variation in line width and intensity
of the resonances is visible in the 12*C-HMQC and 1’N-HSQC
spectra. Especially residues 130-136 (C-terminus) give rise
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3Cq (F1)=49.7 Cq (F1) = 57.1
BCo (F2)= 1748 Beo (F2) = 180.2
X 10 H,0 Lys 136 —|
Ala 91 H,0
e \ .
Al
10.0 8.0 6.0 40 20 0.0 100 8.0 6.0 40 20 0.0
F3 = 'H (ppm)

FIGURE 4: Two 1D vectors from a HCACO spectrum, extracted at
the 13C=frequencies of A91 (left) and K136 (right) with equalscaling.
Comparison of the two resonances illustrates the extensive variety
of signal intensities in this spectrum due to regions of different mobility.
The heights of the signals differ by about a factor of 200.

toveryintense, sharp peaks in both spectra due to their greater
mobility, compared to the rest of the protein. Asanexample,
two 1D vectors taken from slices of the HCACO spectrum at
carbonyl frequencies of 174.8 and 180.2 ppm are shown in
Figure 4. These kinds of intense resonances disturb weaker
peaks in their vicinity in many spectra. The heterogeneity of
the sample, however, did not significantly affect the appearance
of the spectra.

Backbone Assignment. Backbone assignment of isotopically
enriched proteins is usually based on the combination of
connectivities observed in triple-resonance experiments. Be-
cause of the high molecular mass (31 kDa) of labeled IIAMan,
only the most sensitive [HNCA, HNCO, HN(CO)CA,
HCACO, HN(CA)H, and CBCA(CO)NH] of the triple-
resonance experiments gave useful spectra, i.c., spectra where
most of the expected cross-peaks could be found. Figure 5
shows representative planes of the HCACO,HNCO, HNCA,
and HN(CA)H spectra. Some of the less sensitive experi-
ments, e.g., HIN)CACO and HCA(CO)N (both optimized
for the application to large proteins), also yielded useful
information, although not all possible correlations were present
in these spectra. The HCCH-COSY and HCCH-TOCSY
spectra were of limited value for the sequential assignment,
because of severe overlapin the HA-CA region. The'H, 15N,
13CA, and 13C’ assignments are provided in Table 1.

Several problems appear during the sequential assignment.
It became obvious that some correlations were missing in most
HN-X [X = CO, CA, (CA)CO, (CO)CA] spectra, partly
because these spectra were recorded with water presaturation.
Resonances were lost because of rapid exchange with the
solvent protons (pH 7.5, temperature 37 °C). Someresonances
could still not be observed, even if no presaturation was applied
during the experiments. The wide range of different line widths
and intensities lead to additional difficulties in the evaluation
of the correlations involving CA or HA nuclei. In addition,
most of the spectra show some overlap and degeneracy because
of the helical content of IIAMan,

Assignment Strategy. More than 60% of the sequential
assignment was accomplished in a very straightforward
manner, using HNCA, HNCO, HN(CO)CA, HCACO, and
H(N)COCA spectra as described previously (Seipetal., 1993).
During each sequential step, reference to 3D NOESY-(!5N)-
HMQC (preferably in helical regions) and 4D (13C/!5N)-
edited NOESY (in 8-sheet and loop structures) was made to
confirm the assignment (Figure 6). This procedure was found
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FIGURE 5: Representative planes from HNCA, HNCO, HN(CA)H, and HN(CO)CA at the same chemical shift (nitrogen at 124.57 ppm)
illustrate the quality of the spectra that were used in this work. As expected, the most intense resonances were found in the HNCO and
HN(CO)CA spectra. Most of the sequential correlations from HN(CO)CA could also be found in HNCA. HN(CA)H, however, shows
predominantly intraresidue correlations. The M23 cross-peak is visible in an adjacent plane of the HN(CO)CA.

to be very reliable and efficient. The remaining part of the
assignment work utilized the CBCA(CO)NH spectrum for
identification of the amino acid residue type. Stretches of
four to six residues that were found to be linked sequentially
were identified unambiguously by their unique combination
of CB chemical shifts. It must be noted, however, that many
of the CB resonances were missing, so that a complete set of
correlations could not be obtained. Another reason for the
incomplete set of resonances at this stage was uncertainties
in the determined peak positions. We therefore tried to
complete the assignment using sequential NOEs from 2D
NOESY and 3D NOESY-HMQC. Toavoid possible pitfalls,
inevitably associated with NOE-based sequential assignment,
reference to the triple-resonance spectra was made continu-
ously. The procedure required the assignment of the HA
protons and numerous of the side chain resonances as well
and made a tedious manual examination of the spectra
necessary. The 2D 'H-'H-TOCSY shows only a fraction of
the possible correlations,and HCACO was plagued by severe
overlap in the HA-CA region. In particular, the leucine CA
carbons show a high degree of shift degeneracy which made
correlation to the corresponding HAs very difficult. Because
there are only few cases where overlap occurs in the 'H-
I5’N-HSQC (e.g.,A21-L114,G26-G112,S72-A104),a HN-
(CA)H spectrum in which correlations from amide protons
to both HA (i) and HA(i-1) are observed was used to resolve
ambiguities and found to be an invaluable tool for establishing
the HA assignment.

The remaining, “problematic” residues, that have not been
assigned after the described procedure, are entirely located
inloop regions (residues 28-31, 5661, and 81-86). Inmany
cases, missing links to these residues could be established with
a HCA(CO)N experiment. The important feature of this

experiment is that, unlike HN(CO)CA or HN(COCA)H
(Clubb et al., 1992), correlations to nitrogens belonging to
exchanging or broadened amide protons can be observed.
Additionally, 1’N chemical shifts of all proline residues could
be assigned with this spectrum. Once the ISN frequency was
found, reference to the well-resolved and very sensitive TH-
ISN-HSQC yields the frequency of the corresponding HN
proton. Inother spectra, the resonances of these amides were
too weak to be observed.

Due to the highly helical nature of the protein, both 2D
NOESY and 3D "N-HMQC-NOESY show a large number
of dnng,+1) connectivities between sequential amides. Incases
where multiple possibilities arise or a break in the assignment
using NH groups occurs, consideration of NOEs yields
important information. This was the case for all glycine amide
protons. The glycines, whose NH correlations are either
missing or subjected to strong overlap in other spectra, could
be identified unambiguously only after extensive inspection
of the NOESY spectra. If any, only weak peaks could be
observed for the glycine residue in either HN(CA)H or
HCACOspectra. Similar difficulties arised for the threonine
residues. We hope to complete the assignment during the
refinement of the 3D structure.

Secondary Structure. The secondary structure of IIAMen
was determined by analyzing the sequential and long-range
NOE:s between the backbone protons. Using the resonance
assignments obtained from triple-resonance experiments as
described above, nonoverlapping regions of the 2D NOESY
spectrum were used for qualitative determination of NOE
distances. In cases where overlap prevents the unambiguous
assignments in the 2D spectra, the step to higher-dimensional
NOESY experiments yielded the missing information. Es-
pecially for NOEs between HN protons to protons bonded to
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Table 1: Backbone Assignment of the IIA Domain at pH 7.5 and 37 °C (in ppm)?

residue HN 5N He 13Ce 1BC=0 residue HN 5N H« 13Ca BC=0
Thr-2 b b 4.10 59.5 173.2 Trp-69 9.26 123.3 4.47 56.1 174.3
Ile-3 8.59 126.1 3.87 62.9 173.5 Gly-70 7.45 108.7 4.48 45.2 172.5
Ala-4 7.89 1329 4.54 519 174.8 Gly-71 7.11 110.5 3.77 46.0 174.6
Ile-5 7.16 120.8 5.16 579 173.5 Ser-72 8.05 123.0 4.40 56.1 176.9
Val-6 8.58 127.3 4,73 59.4 173.3 Pro-73 116.3 371 66.5 178.3
Ile-7 8.82 130.2 5.73 59.1 174.4 Phe-74 8.09 122.6 391 61.2 175.3
Gly-8 9.06 114.8 5.07,3.82 45.2 170.4 Asn-75 9.34 125.1 4.20 55.3 177.4
Thr-9 7.29 112.2 5.14 58.6 172.2 Ala-76 8.54 124.0 4,01 54.3 176.5
His-10 9.87 133.3¢ 2.80 58.6 176.2 Ala-77 7.22 120.4 2.95 54.1 178.4
Gly-11 5.16 115.7 4.82,3.97 46.7 172.0 Ser-78 8.36 115.1 3.61 61.2 173.8
Trp-12 9.34 126.7 5.04 58.7 175.7 Arg-79 7.00 121.1 3.97 57.4 177.0
Ala-13 6.92 120.7 4.03 54.2 177.2 Ile-80 7.10 120.1 3.79 63.4 176.6
Ala-14 8.60 125.1 3.77 56.2 177.1 Val-81 7.49 109.9 3.98 62.4 176.9
Glu-15 117.8 2.54 58.2 177.9 Val-82 7.12 122.2 3.73 64.7 173.9
Gin-16 6.72 113.5 4.29 55.6 177.6 Asp-83 8.27¢ 120.8 4.12 56.5 176.8
Leu-17 8.75 124.1 4.04 57.9 177.2 Lys-84 8.90 118.0 442 53.8 174.3
Leu-18 7.48 119.8 4.08 57.5 177.0 Glu-85 7.22 121.6 54.2

Lys-19 8.18 121.0 4.23 59.2 179.3 His-86 54.1 169.9
Thr-20 8.87 122.1 3.88 68.9 174.4 Tyr-87 7.23 117.3 6.04 55.1 174.9
Ala-21 8.08 125.1 3.94 55.2 178.7 Glu-88 8.60 123.7 5.38 53.9 172.2
Glu-22 8.94 118.7 4.26 58.0 179.3 Val-89 11.00 130.4 5.50 59.6 172.3
Met-23 8.22 124.5 4.20 58.7 176.5 Ile-90 9.38 128.7 5.00 60.1 174.1
Leu-24 7.31 119.4 4.31 56.3 177.8 Ala-91 9.19 130.5 5.12 49.7 174.8
Leu-25 8.42 118.3 4.63 54.8 177.3 Gly-92 6.99 105.4 3.56,4,22¢ 45.5 173.8
Gly-26 8.28 111.9 4.58,3.90 46.6 Val-93 7.51 117.8 4.27 62.4 171.3
Gly-26 Asn-94 7.10 122.9 5.05 48.9 172.9
Glu-27 Ile-95 9.55 120.5 431 63.4 173.4
Gin-28 Pro-96 123.9 4.44 66.3 175.9
Glu-29 Met-97 7.90 115.0 4.20 58.2 178.6
Asn-30 4.65 53.5 173.4 Leu-98 8.32 122.6 3.90 58.2 176.5
Val-31 7.67 115.3 5.52 59.0 174.4 Val-99 9.19 118.3 3.73 66.1 176.7
Gly-32 9.08 113.1 4.68 46.1 170.2 Glu-100 8.26 118.6 4.18 58.8 176.8
Trp-33 7.61 116.8 6.05 55.2 175.1 Thr-101 8.28 119.0 3.73 67.4 175.3
Ile-34 8.32 111.5 4.84 58.4 173.3 Leu-102 8.34 122.5 3.96 57.8 179.3
Asp-35 8.09 121.9 5.12 51.2 173.5 Met-103 8.09 119.2 4.34 58.6 178.0
Phe-36 7.73 121.2 5.28 54.9 172.5 Ala-104 8.09 123.2 4.28 53.6 179.5
Val-37 8.37 129.4 4.14 58.0 171.7 Arg-105 7.96 116.5 3.93 58.9 177.4
Pro-38 125.2 4.23 63.2 176.5 Asp-106 7.47 120.8 4,70 56.1 175.4
Gly-39 8.28 111.4 4.55,3.93 42.9 172.0 Asp-107 7.66 120.8 4.97 53.7 173.7
Glu-40 8.39 120.6 4.00 57.8 176.1 Asp-108 7.92 119.4 4.58 54.3 175.0
Asn-41 9.48 125.3 4.67 52.8 174.5 Pro-109 126.4 4.60 63.2 175.9
Ala-42 8.85 121.6¢ 3.88 55.1 178.2 Ser-110 8.60 116.9 4.52 57.5 173.8
Glu-43 8.55 118.7 4.07 59.7 178.9 Phe-111 9.02 126.7 3.88 62.7 175.7
Thr-44 8.22 119.3 4.10 65.6 175.9 Asp-112 8.52 116.5 4.39 56.8 178.9
Leu-45 7.76 122.4 3.90 57.2 177.1 Glu-113 7.72 122.4 3.95 58.3 177.6
Ile-46 8.22 122.3 3.77 65.8 176.7 Leu-114 8.04 1254 4.07 56.9 176.8
Glu-47 7.49 120.9 4.25 59.0 179.1 Val-115 7.93 120.4 3.24 66.3 175.9
Lys-48 8.22 122.7 4.20 59.9 179.9 Ala-116 7.40 120.2 4.06 54.2 179.4
Tyr-49 9.14 122.3 4.27 60.7 177.8 Leu-117 7.94 122.1 4.24 57.4 178.6
Asn-50 8.99 1214 4.67 55.9 177.5 Ala-118 8.70 129.1 3.85 55.6 178.6
Ala-51 8.31 125.9 4.31 54.3 179.8 Val-119 7.84 118.2 3.54 65.9 176.5
Gln-52 7.60 117.7 4,07 57.1 177.8 Glu-120 8.24 120.2 4.08 59.4 178.6
Leu-53 8.68 121.2 3.74 57.8 177.5 Thr-121 8.99 112.5 4.00 66.8 178.5
Ala-54 7.55 119.7 4.25 53.4 177.6 Gly-122 8.24 111.9 4.57,3.74 47.3 173.9
Lys-55 7.47 117.2 4.57 55.2 174.9 Arg-123 8.03 121.1 4.11 60.0 178.0
Leu-56 7.39 123.3 4,73 52.9 174.2 Glu-124 8.83 118.8 4.10 57.0 176.7
Asp-57 9.29 1219 5.10 52.5 177.1 Gly-125 7.70 105.7 4.09,3.43 449 171.8
Thr-58 8.76 117.2 Val-126 7.20 122.1 4.89 60.8 174.1
Thr-59 173.2 Lys-127 7.43 127.0 4,61 54.9 172.8
Lys-60 8.09 121.8¢ 4.82 58.8 176.8 Ala-128 8.90 128.7 5.68 49.7 176.3
Gly-61 9.46 121.2¢ 3.77,2.52 45.2 171.5 Leu-129 8.82 125.3 487 57.9 177.1
Val-62 8.36 119.0 4.47 60.6 172.2 Lys-130 11.10 124.5 442 57.6 178.3
Leu-63 8.63 129.4 5.04 52.3 173.8 Ala-131 8.89 126.4 4.29 52.2 176.3
Phe-64 9.26 125.8 5.37 55.8 173.5 Lys-132 8.35 125.2 4.75 53.4 173.8
Leu-65 9.29 126.8 5.61 52.3 175.3 Pro-133 122.5 4.62 61.6 175.9
Val-66 9.45 116.4 6.41 56.5 176.0 Val-134 8.31 123.4 4.14 61.9 175.1
Asp-67 8.29 119.9 4.41 60.6 175.8 Glu-135 8.52 128.7 4.42 559 174.3
Thr-68 8.41 119.3 4.00 65.8 175.5 Lys-136 8.00 130.5 4.26 57.1 180.2

@ 1H and !3C chemical shifts relative to 3-(trimethylsilyl)propionate-d, sodium salt (TSP). !N chemical shifts are referenced relative to 1SNHCI.

b Not observed. < Tentative assignment.

carbon, ambiguities arising from degenerate proton chemical
shifts could be resolved with additional reference to its carbon
frequency in the 4D NOESY. The obtained NOEs from the
different 2D, 3D, and 4D spectra are denoted in Figure 7.
These NOESY spectra were recorded with relatively long

mixing times (60—100 ms) for sensitivity reasons. Forthcoming
distance geometry calculations will be performed only with
data from NOESY spectra with short mixing times to avoid
errors caused by spin diffusion. For the 8-sheets, almost all
HN()-HA(i-1) were found to be more intensive than the
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FIGURE 7: Summary of the sequential and medium-range NOE connectivities for IIAMan, The relative sizes of the NOEs have not been
distinguished. 3Jyn-ua smaller than 4 Hz are represented by filled circles and 3Jun-ua > 6 Hz by opened circles. Opened boxes indicate
segments for which the given sequential connectivity is not possible (proline and glycine). The identified secondary structure elements are
shown along the sequence.

HN())-HA(#). For the helical regions, all HN(i)-HN(i-1) The B-sheet was identified by the interstrand NOEs, shown
cross-peaks could be assigned. Most long-range NOEs were in Figure 9. Amide protons, which had not exchanged after
found for helix IV (Figure 8). Measured 3Jyn_na coupling more than 1 year in the D,O sample, are indicated by circles
constants (Seip et al., 1992b) are in good agreement with the in Figure 9. With the exception of seven residues, located in

secondary structure derived by NOEs. the helices, all residues not exchanging HN protons are located
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FIGURE 9: B-Sheet topology of IIAMan a5 derived from NMR data.
Arrows represent interstrand NOEs observed in 2D NOESY [d,.-
(i), dan(iyi), dnn(iy)], 3D SN-NOESY-HSQC [dan(iy), dnnlin)],
and 4D 1BC,'’N-edited NOESY [d.n(iy)]. Amide protonsshown in
circles did not exhibit any exchange with the solvent.

in B-sheets. They are considered to be involved in hydrogen
bonds, which confirms the proposed secondary structure. Most
of the sheet protons resonate at a remarkable low-field shift,
so that there is almost no overlap in the 2D NOESY (Figure
10). The first four sheets are orientated parallel. The helices
between these sheet strands cross the 3-sheet. For helix IV
(Asp-112-Gly-122) between the antiparallel sheets IV (Tyr-
87-Gly-92) and V (Lys-127-Lys-130), no prediction is possible
with the data analyzed so far.

The secondary structure is further confirmed by the CA
chemical shifts. In Figure 11, deviations of the CA shifts
from random-coil values for each residue are plotted. 3-Sheets
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FiGUure 10: Low-field HN-HA section from the two-dimensional
NOESY spectrum recorded at 37 °C. The lines mark intra- and
interresidual NOE connectivities for SIII (Val-62-Val-66). Ad-
ditional interstrand NOEs to 8I and BIV, respectively, are labeled.
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FiGURE 11: Deviations A6(CA) of CA chemical shifts from random-
coil values for each amino acid residue. A series of negative values
correspond to 8-structure, while helices are characterized by multiple
consecutive positive values.

are indicated by a theoretical deviation A§(CA) of —1.5 ppm,
helical regions around 3 ppm (Spera & Bax, 1991). A good
correlation was found.

CONCLUSIONS

The ITIA domain of the IIABMa» subunit forms a stable
dimer of 28-kDa dimeric molecular mass. The IIAM2n dimer
is thus at the upper molecular mass limit for NMR analysis.
However, long-term stability of the dimer at elevated
temperatures (up to 45 °C) and the application of novel
procedures developed for medium-sized proteins (Grzesiek &
Bax, 1992a,b; Seip et al., 1992a,b, 1993) allowed almost
complete backbone assignment and secondary structure
determination. The sequential and long-range NOEs show
that the IIA domain contains a 3-sheet structure (Figures 9
and 12) of four parallel and one antiparallel strand and that
the strands are connected by four helical segments. The
B-strand order is V IV IIT 1 II (Figure 9). Assuming an open
sheet structure and that the 8—a—8 motifs are right-handed
(Branden & Tooze, 1991), helices II and III and helix I must
be packed against opposite sides of the 8-sheet. The loops 1
and 3 connecting §-strand I to a-helix I and 8-strand III to
a-helix III form a topological switch point. According to the
postulate of Branden (1980), that the active sites in a/f8
proteins are at topological switch points, loops 1 and 3 of
ITAMan should contain the active-site residues. On the basis
of the NMR-derived secondary structure, a 3D model of the
ITA domain was constructed by Markovic-Housley et al.
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FIGURE 12: Hypothetical open twisted sheet topology of the IIA
domain. His-101is the phosphorylated residue in the active site. The
strictly conserved residues of the active site at the topological switch
point are indicated. His-86isimportant for phosphoryl transfer from
His-10to His-175 on the IIB domain. IIA truncated at Ser-110 was
found to retain in vivo activity (see text for details).

(1994) using tertiary structure prediction methods and the
known atomic structure of clostridial flavodoxin. The NMR
results confirm the 8-strand order IV III 111 (residues 1-120)
of the predicted 3D structure, with the exception of 8-strand
V (residues 127-130) which is antiparallel in IIAMen byt
parallel in flavodoxin.

The following properties of [IAMan are compatible with an
open sheet topology as depicted in Figure 12. His-10 is the
phosphorylated residue in the active site of [IAMa» (Erni et
al., 1989). In addition to His-10, Ser-72 is also essential for
IIA function (Stolzetal., 1993). Heterodimers between H10C
and S72C mutants are inactive. Similarly, mixtures of the
ITABMan mutant W12F with S72C and of W12F with H10C
are noncomplemeting (Stolz et al., 1993). Thisindicates that
all three residues are part of a single functional unit within
a ITA monomer, that is the active site formed by loops 1 and
3 (Figure 12). In contrast and for comparison, interallelic
complementation did occur between the H10C and H86N
mutants, suggesting that His-10 and His-86 belong to different
functional units. As shown in Figure 12, His-10 and His-86
are in loops on opposite edges of the sheet. The amino acid
sequence alignment between the IIAM2® domain and the
structurally related LevD and SorF subunits of the B. subtillis
fructose transporter (Martin-Verstraete et al., 1990) and the
K. pneumoniae sorbose transporter (EMBL Data Base
Accession No. X66059, submitted by U. F. Wehmeier; Wohrl
& Lengeler, 1990) further highlights the functional importance
of loops 1 and 3. The GS/TPXNAA (X, aromatic residue)
motif of loop 3 and the conserved His-10 and Gly-11 residues
inloop 1 are the most strongly conserved elements of the three
homologous proteins. a-Helix IV and 8-strand V might not
be absolutely necessary for ITA function. Chromosomally
encoded IIAMen, truncated after Ser-110, conferred PTS
activity in vivo, if the IIBMan domain, IICMan, and IIDMan
were coexpressed from a plasmid. IIBMan/I[CMan/IDMan
had no PTS activity in a host from which IIAMar was
completely deleted (Erni, unpublished observation). Helix
IV and B-strand V might already be a part of the interdomain
linker and be dispensable as a structural component of the
IIA domain.
~ The ITA domain makes different protein—protein contacts.
If forms very stable homodimers (Erni et al., 1989; Markovic-
Housley et al.)2and binds to HPr and the IIB domain between
which it relays phosphoryl groups. Phosphorylation of His-
10 increases the extent of dimerization (observed on SDS~

2 Markovic-Housley, Z., Cooper, A., Lustig, A., Fliikiger, K., Stolz,
B., & Erni, B. (1994) Biochemistry (submitted for publication).
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polyacrylamide gels; Erni et al., 1989) while its substitution
by cysteine or asparagine prevents dimerization. The stability
of the dimer in SDS is pH-dependent with a transition from
stable to unstable between pH 7.0 and 6.5 (Erni, unpublished
observation). His-10 could thus be part of the contact site or
affect dimerization indirectly by inducing conformational
changes. His-86 isimportant for phosphoryl transfer between
His-10 of the ITA and His-175 of the IIB domain but not for
phosphorylation of IIA by HPr (Stolz et al., 1993). His-86
and His-175 mutants have identical phenotypes and do not
complement each other; i.e., heterodimers between a H86N
mutant and a H175C mutant are inactive. The two residues
must be present on the same subunit. This suggests that His-
86, although located in the ITA domain, functionally belongs
to the active site of the IIB domain and that it might be at
or close to the interface between the IIA and IIB domains.

All PTS proteins are transiently phosphorylated at either
histidine (enzyme I, HPr, IIA units, IIB unit of the mannose
transporter) or cysteine [IIB domains of the transporters from
mannitol and glucose; reviewed in Postma et al. (1993)]. How
similar are their folding topologies and active sites? HPr is
a four-stranded S-sheet with three a-helices packed on top of
the B-strands. The active center is in a loop between 8-strand
I and o-helix 1. The phosphate is bound to His-15 and
stabilized by interactions with the guanidinium group of Arg-
17 and main chain amide groups of Ala-16 and Arg-17. It
might be stabilized by the N-terminal dipole of «-helix I
His-15and Arg-17 areinvariantin all HPr (Jia et al., 1993a,b).
I1A of E. coli and B. subtilis have 42% sequence identity.
They are antiparallel 8-sheet sandwiches or 8-barrels with six
strands on either face. The two structures differ with respect
to the exact number, length, and topology of the 3-strands.
The phosphate is covalently bound to His-90 (E. coli; His-83
B. subtilis) at the C-terminus of a §-strand and stabilized by
hydrogen bonding to His-70 (E. coli; His-68 B. subtilis) at
the N-terminus of an adjacent strand and within a distance
of 3.3 A (Worthylake et al., 1991; Pelton et al., 1993). This
second His was shown to be important for transfer of the
phosphoryl group to the IIB domains but not for phospho-
rylation of ITA by HPr (Presper et al., 1989; Reizer et al.,
1992). The two His are invariant in all IIA domains of the
transporters belonging to the glucose family [reviewed in
Postma et al. (1993)]. The ITAM! domain differs from the
ITAG units in sequence and secondary structure. It is
predominantly a-helical with only two §-strands. In addition
to the phosphorylated histidine (His-554, E. coli), a second
histidine and one arginine are invariant in the IIA domains
belonging to the mannitol family of transporters (Kroon et
al., 1993). However, the function of these residues has not
yet been examined. The IIBdomain of the glucose transporter
(IICBGCk) consists of four 8-strands forming an antiparallel
B-sheet and three a-helical segments (Grdadolnik et al., 1994).
The active-site cysteine is at the C-terminus of 3-strand I
(aBcysa21BaBBa). The ITAMen domain of the mannose
transporter differs from the IIA and IIB domains described
above with respect to sequence and secondary and quaternary
structure. It has an «/8 structure which is predicted to fold
into an open twisted sheet. Invariant are the phosphorylated
histidine in one loop and the sequence GS/TPXNAA (X:
aromaticresidue) in thesecond loop of the active center (Figure
12). However, no arginine (as in HPr) or second histidine (as
in the other IIA domains) is conserved in the homologous
ITIAMan SorF, and LevD proteins. In conclusion, although alt
ITA domains are phosphorylated by the same HPr protein,
the structures of their phosphorylationsites and the molecular
mechanism of phosphoryl transfer are likely to be dissimilar.
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It will be of interest to examine which properties enable HPr
to bind to the different IIA domains (Herzberg, 1992; van
Nuland et al., 1993; Chen et al., 1993a). Structural refine-
ments and further NMR studies are in progress to elucidate
the three-dimensional structure of the IIAMa® domain, the
structural changes which are induced by phosphorylation, and
the protein—protein interactions within the IIA dimer.
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