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Abstract

The assignment of backbone resonances and the secondary structure determination of the Cys 10 Ser mutant of
enzyme 11B°°%%%¢ of the Escherichia coli cellobiose-specific phosphoenol-pyruvate-dependent phosphotransfer-
ase system are presented. The backbone resonances were assigned using 4 triple resonance experiments, the HNCA
and HN(CO)CA experiments, correlating backbone 'H, '*N, and "*Ca resonances, and the HN(CA)CO and
HNCO experiments, correlating backbone 'H,'*N and '*CO resonances. Heteronuclear 'H-NOE 'H-*N single
quantum coherence (*N-NOESY-HSQC) spectroscopy and heteronuclear 'H total correlation 'H-'*N single
quantum coherence (*N-TOCSY-HSQC) spectroscopy were used to resolve ambiguities arising from overlapping
BCa and 3CO frequencies and to check the assignments from the triple resonance experiments. This procedure,
together with a 3-dimensional 'Ha-'*Ca-'3CO experiment (COCAH), yielded the assignment for all observed
backbone resonances. The secondary structure was determined using information both from the deviation of ob-
served 'Ho and "Ca chemical shifts from their random coil values and 'H-NOE information from the *N-
NOESY-HSQC. These data show that enzyme [[B!°%°5¢ consists of a 4-stranded parallel 8-sheet and 5 «-helices.
In the wild-type enzyme [1Bc/lobiose the catalytic residue appears to be located at the end of a 3-strand.

Keywords: cellobiose; NMR; phosphocysteine; phosphoenolpyruvate-dependent phosphotransferase system; pro-
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Enzyme [1B<"°bo jg the catalytic domain of the phosphoenol-
pyruvate-dependent cellobiose phosphotransferase system (Par-
ker & Hall, 1990; Reizer et al., 1990). In this system, a
phosphoryl group is transferred from phosphoenol-pyruvate via
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Abbreviations: “N-NOESY-HSQC, 3D 'H NOE 'H-"N heteronu-
clear single-quantum coherence spectroscopy; *N-TOCSY-HSQC, 3D
'H total correlation 'H-'N heteronuclear single-quantum coherence
spectroscopy; HNCA, HN(CO)CA, 3D 'H-'*N-*Cu correlation spec-
troscopy; HNCO, HN(CA)CO, 3D '"H-'N-'3CO correlation spectros-
copy; COCAH, 3D 3CO-'3*Ca-'Ha correlation spectroscopy; TPPI,
time proportional phase incrementation; rf, radio frequency; PEP, phos-
phoenol-pyruvate; PMSF, phenylmethylsulfonyl! fluoride; PTS, phospho-
enol-pyruvate-dependent phosphotransferase system; mtl, mannitol; cel,
cellobiose; HPr, histidine containing protein; El, enzyme I; EIl, enzyme
I1; TSP, trimethylsilylpropionic acid; TMS, trimethylsilylpropanesulfonic
acid; TG, Tris-acetate/glycerol; 1A, [IB°®, 11C*, enzymes I1A, IIB,
IIC of the cellobiose PTS; IIB™!, the B-domain of enzyme II mannitol.
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enzyme [, the histidine containing protein, and enzyme I1A!
to enzyme [IB?', Phospho-11B*?! donates its phosphoryl group
to cellobiose after transport of this sugar through the membrane
by enzyme IIC®. (For general reviews of the PEP-dependent
PTS, see Meadow et al. [1990], Lolkema and Robillard [1992],
Saier and Reizer [1992], and Postma et al. [1993).) The phos-
phorylation site of 1[B° is most likely Cys 10, analogous to IIB
domains for other sugars (Pas & Robillard, 1988; Pas et al.,
1988, 1991; Meins et al., 1993), because no other histidine or cys-
teine residue is conserved between the E. cofi and Baciffus stearo-
thermophilus 11B* proteins (Lai & Ingram, 1993). The only other
proteins, apart from enzymes IIB, that are known to involve
phospho-cysteines are several protein tyrosine phosphate phospha-
tases (Guan & Dixon, 1991; Cho et al., 1992). No 3-dimensional
structure is known of such an enzyme, either in the phosphor-
ylated or in the unphosphorylated state. IIB! is homologous
to the B-domain of enzyme 11* of Staphylococcus aureus, with
25% identical residues (Reizer et al., 1990), and the region
around the active site cysteine shows a similarity to the same re-
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gion in the B-domain of enzyme 1™ of E. cofi. 11B* shows no
homology to the protein tyrosine phosphate phosphatases.

Previous attempts by us to perform NMR experiments on a
subcloned IIB domain of the mannitol PTS (Robillard et al.,
1993) were hampered by the apparent instability of this domain
on a time scale of a few weeks, necessary to collect a complete
set of NMR data. This instability could have been caused by ox-
idation of the active site cysteine and aggregation due either to
oxidation or to the presence of flexible linker peptides at the
N-terminus and the C-terminus of the recombinant protein,
which remained after subcloning. Because 1B is a protein
that occurs naturally as a separate, water-soluble domain, it was
expected that we would have fewer instability problems than
with 11IB™, To prevent complications arising from the oxida-
tion of cysteine, we used a Cys 10 Ser mutant for our NMR ex-
periments. Spin systems and through space connectivities were
identified via 3D TOCSY-HSQC and 3D NOESY-HSQC ex-
periments on '*N-labeled protein and HNCA, HN(CO)CA,
HNCO, HN(CA)CO, and COCAH experiments on *C/'"N-
labeled protein.

Results

The mutagenesis was confirmed by electrospray mass spec-
trometry and by N-terminal sequencing, both performed on pu-
rified, unlabeled protein. The measured molecular weight of the
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Cys 10 Ser mutant was 11,409.1 + 1,0, which is in excellent
agreement with the expected MW (11,409.4). N-terminal sequenc-
ing of the first 10 residues was in agreement with the sequence
predicted from the DNA, including a serine at position 10.

Figures 1 and 2A show the "N HSQC spectrum recorded
with the *C/'*N sample at 20 °C. The resolution in the *N
domain was fully exploited by taking 512 ¢, increments, and as
a result, most resonances were well resolved. A few resonances
show overlap, e.g., Ille 35 with Met 14, and Glu 46 with Lys 74.
Resonances for all residues are present in Figure 1, except for
Met 1 and Glu 2, whose amide protons probably exchange too
rapidly with water to be observable. The NH, groups of Asn
and Gln residues give rise to the expected number of additional
pairs of peaks; they will be treated later. The high resolution seen
in the "*N domain in Figures 1 and 2A cannot be attained in 3D
spectra because of time limitations. Figure 2B compares a lower
resolution '"H-°N projection of the HNCO spectrum with the
same region of the higher resolution '"N-HSQC spectrum in
Figure 2A. The lower resolution in the >N domain of the
HNCA, HN(CO)CA, HNCO, and HN(CA)CO experiments did
not cause ambiguities in the interpretation of these spectra be-
cause the traces in the *C domain contain only 1 or 2 peaks for
every 'H-">N trace (see Fig. 3). However, for the “*N-TOCSY-
HSQC and the "N-NOESY-HSQC, it caused ambiguities in the
assignment of Ho resonances, which in the case of the TOCSY
could be resolved by using the COCAH.
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Fig. 1. High-resolution HSQC of 1IB**'. Conditions: 20 °C, TG-buffer, pH 6.2, 7% D,0, 2 mM C/N IIB*, The spectral
widths were 6,666.7 Hz (*H) and 2,000 Hz (}°N). The maximum value for ¢, (:*N) was 128 ms, corresponding to 512 increments,

and for ¢, ("H) was 154 ms.
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Fig. 2. Comparison of (A) 'N-HSQC with 512 increments in ¢, (**N) and (B) HNCO projection in the 'H-'>N plane, with 128
f, increments in the >N domain. The digital resolution of the *’N-HSQC spectrum in the >N domain is 0.25 lines/Hz; in the

HNCO spectrum it is 0.064 lines/Hz.

Backbone assignments

The HNCA, HN(CO)CA, HNCO, and HN(CA)CO spectra were
used as the main source of information for sequential assign-
ment. Each amide peak 'H-'*N(i) in the "H-'°N planes of the
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HNCA spectrum is labeled with the '*Ca frequencies of the same
residue, *Ca(i), and of the preceding residue, '*Ca(i — 1).
The same peak in the HN(CO)CA spectrum is labeled only with
the *Cu frequency of the preceding residue, *Ca(i — 1).
Using both the HNCA and HN{CO)CA spectra for every 'H-°N
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Fig. 3. A: Slices of the HNCA for the 21 C-terminal residues of IIB®, taken at their corresponding 'H-'’N frequencies.
B: Alternating slices of the HN(CA)CO and HNCO for the 11 C-terminal residues of 1IB'. For each residue 2 slices are shown,
taken at the same 'H-'*N frequencies; the upper slice is from the HNCO for each residue, and the lower slice is from the

HN(CA)CO.
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pair enabled us to assign the *Ca frequency of the correspond-
ing residue and the *Ca frequency of the preceding residue.
Figure 3A shows the sequential correlation in the HNCA for the
21 C-terminal residues.

Each amide peak "H-'>N(i) in the 'H-'*N planes of the HNCO
spectrum is labeled with the '*CO frequency of the preceding
residue, '*CO(i — 1), but the same peak in the HN(CA)CO
spectrum is labeled with the 1*CO frequencies of its own resi-
due, *CO(/), and, notably, the preceding residue, *CO(i — 1).
To our knowledge, the correlation with the '*CO frequency of
the preceding residue in a HN(CA)CO experiment is not usu-
ally observed; however, we observed this correlation in about
90% of the traces, so we used this information systematically,
as in the HNCA. The presence of both correlations is shown in
Figure 3B, where a sequential arrangement of HNCO and
HN(CA)CO slices of the 11 C-terminal residues is presented.
One would expect this kind of correlation, just as in the HNCA,
because in the coherence transfer time of 25 ms not only the
1-bond 'Jy(i,ca(;, coupling (8~12 Hz) but also the 2-bond
ZJN(,-)CQ(,-VU coupling (~6 Hz) will develop. Using the HNCO
and HN(CA)CO spectra for every 'H-'°N pair enabled us
to assign the 3CO frequency of the corresponding residue,
3CO(i), and the preceding residue, '*CO@ — 1).

The HNCA, HN(CO)CA, HNCO, and HN(CA)CO peak lists
were used to identify possible sequential relationships. Ambi-
guities in the assignment of neighbors because of overlap in both
B3Ca and BCO frequencies could be resolved by using the '*N-
TOCSY-HSQC and '’N-NOESY-HSQC spectra. Assignment
of the resonances to specific residues in the amino acid sequence
of 1IB*® was started from short stretches with spin systems that
could easily be identified, such as glycine by its TOCSY trace
and by its characteristic Ca shift, and alanine by its TOCSY
trace. Some of these stretches could relatively easily be posi-
tioned in the sequence, and served as starting points for further
assignments. The chemical shifts of the backbone 'HN, °N,
3Ca, and '*CO atoms of all non-proline residues in the se-
quence were completely assigned in this manner, apart from the
first 2 residues, which show no peaks in *N-'H-HSQC spectra.
The *Ca and *CO chemical shifts of Glu 2 were assigned
using the HNCA and HN(CA)CO traces of Lys 3. The 'Ha
chemical shift of Glu 2 was identified from the *Ca and *CO
frequencies of Glu 2 in the COCAH spectrum. The COCAH
spectrum together with sequential information from the HNCA
and HN(CA)CO spectra also yielded the *Ca, *CO, and 'Ho
chemical shifts of all proline residues. This left 1 strong peak
unassigned in the *Ca-'3CO-'Hu region of the COCAH spec-
trum. This peak was tentatively assigned to Met 1. All the back-
bone assignments are listed in Table 1.

Secondary structure

The deviation of 'Ha and *Ca chemical shifts from their ran-
dom coil values as measured in small peptides, the “secondary
shift,” is indicative of the type of secondary structure that is
present (Spera & Bax, 1991; Wishart et al., 1992). Figure 4A
shows the 'He, *Ca, and *CO secondary shift for each resi-
due of IIB®. The *CO secondary shift shows the same ten-
dency as the '*Ca secondary shift: positive values in helices and
negative values in 3-sheets, although the effect is somewhat less
pronounced. The short-range NOE information, shown in Fig-
ure 4B, also gives information about the secondary structure
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(Wiithrich, 1986). The presence of aN(/, i + 3) NOEs and strong
NN, i + 1) NOEs is characteristic of helices, whereas strong
aN(i, i + 1) NOEs are characteristic of g-strands. In Figure 4B,
the NOE crosspeaks were classified as weak, medium, and strong.
A region was considered helical if a combination of NN(i, i + 1)
NOEs and «N(i, i + 3) NOEs with weak aN(/, i + 1) NOEs was
present, together with positive '*Co and negative 'He second-
ary shifts. The 8-strands were roughly located on the basis of
the presence of strong or medium oN(J, i + 1) NOEs, the ab-
sence of unambiguously assigned aN(i, i + 3) NOEs, positive
"Ha secondary shift, and negative '*Ca secondary shift. A
more accurate determination of the 3-strand regions is derived
from inter-3-strand N«(i, /) NOEs. An analysis of these NOEs
revealed that IIB° possesses a 4-stranded parallel 3-sheet, as
shown in Figure 5.

Discussion

The NMR resonances of almost all backbone atoms of the
Cys 10 Ser mutant of 11B° have been assigned. An analysis of
"Ha, PCa, CO chemical shifts and short- and long-range
NOE crosspeaks revealed that IIB consists of 5 helices and a
4-stranded parallel 3-sheet. In the wild-type enzyme, the cata-
lytic residue Cys 10 would be located in the 3-sheet close to
the N-terminal side of the first helix. In the phosphorylated
state of the enzyme, the negatively charged phosphoryl group
could interact favorably with the helix dipole. IIB*® is homol-
ogous to the B-domain of enzyme II'*, so these proteins prob-
ably have similar structures. There is no obvious homology of
1B with [IB™!, except at the active site. A short stretch of
the sequence of 11B! around the phosphorylation site, Cys 10
(IYLFCSAGMSTS), shows similarity to the sequence of 11B™
around Cys 384 (IIVACDAGMGSS) (Lee & Saier, 1983). This
might indicate a similarity in structure of the active sites and pos-
sibly of these 2 proteins. Work is under way in our laboratory
to complete the side-chain resonance assignments and determine
the 3D structure of 1B,

Materials and methods

Expression vectors and bacterial strains

The overexpression plasmid pJR-IIBC10S was constructed as
follows. First, the 849-bp Hin dIII fragment from pUF673 (Par-
ker & Hall, 1990) was cloned into the Hin dIII site of pBluescript
SK (Stratagene, La Jolla, California). The IIB*-encoding
DNA in the resulting vector (pJR-BLIIB) was then used to cre-
ate, by site-directed mutagenesis, an Nde 1 site in the initiation
codon of celA and to change the cysteine residue at position 10
to serine. In the last step, the Nde 1-Sal 1 fragment containing
the mutant C10S of the IIB**-encoding gene was placed be-
tween the Nde 1 and Sa/ 1 of pJL503. Site-directed mutagene-
sis was performed as described by Nakamaye and Eckstein
(1986). The oligodeoxynucleotides used to create the Nde 1 site
and the C10S substitution were 5'-TTT CTT TTC CAT ATG
ACT GCC CTC-3’ and 5'-GCC CGC AGA ACT AAA CAG
ATA AAT-3, respectively. The plasmid pJR-IIBC10S, contain-
ing the cel/A gene with the C10S mutation, was transformed to
E. coli strains TOPP4 rif” (F', proAB, lacI9ZAMI5, Tnl0,
(tet")) (Stratagene) for '°N labeling and E. coli W3110 for
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Table 1. Backbone 'H, °N, and >C chemical shifts of IIB® of E. coli in TG-buffer pH 6.2, 20°C?

Residue 'HN SN 'Ha B3Cq 3co Residue 'HN N 'Ha B3Ca Bco
1 Met? 4.12 54.8 172.1 55 Leu 9.30 125.3 5.60 51.9 175.8
2 Glu 4.37 56.1 175.7 56 Leu 9.06 120.5 5.16 52.4 176.6
3 Lys 8.45 121.7 4.36 56.1 176.5 57 Gly 8.36 106.3 3.84 44.0 171.0
4 Lys 7.99 119.8 4.57 54.0 175.8 3.81
5 His 10.67 120.8 5.05 55.6 174.6 58 Pro 4.00 65.0 179.1
6 lle 9.53 127.1 4,43 60.2 173.5 59 GIn 8.64 115.2 4.24 58.0 177.4
7 Tyr 8.11 125.3 6.00 52.1 173.2 60 Ile 7.47 109.9 4.64 59.9 175.7
8 Leu 8.91 124.6 5.41 54.1 175.1 61 Ala 1 7.27 124.1 3.76 55.6 179.7
9 Phe 8.92 118.8 5.69 56.0 174.6 62 Tyr 7.77 113.3 4.36 58.4 176.1

10 Ser 8.40 113.9 4.62 57.1 172.7 63 Met 7.59 119.5 4.20 56.1 175.7

11 Ser 8.42 120.1 4.92 57.7 174.4 64 Leu 7.57 119.9 3.85 60.9 173.3

12 Ala 8.21 125.5 4.44 52.3 177.7 65 Pro 4.43 65.9 179.6

13 Gly 8.58 108.8 4,12 46.2 175.5 66 Glu 7.31 117.4 4.16 58.5 178.5

3.72 67 lle 8.23 119.9 3.60 63.8 177.6

14 Met 8.80 124.2 4.36 58.1 177.7 68 Gln 8.63 117.8 4.00 58.6 178.5

15 Ser 8.69 114.8 4.17 61.2 176.7 69 Arg 7.38 116.8 3.97 58.5 178.3

16 Thr 7.89 118.2 4,03 65.5 174.9 70 Leu 7.55 118.6 4.08 56.6 176.8

17 Ser 8.19 118.4 3.99 62.1 176.9 71 Leu 7.48 118.1 4.77 51.0 173.3

18 Leu 8.24 122.9 4.15 57.7 179.0 72 Pro 4.46 64.5 177.6

19 Leu 7.42 119.8 3.84 58.1 178.5 73 Asn 8.63 113.8 4.68 53.0 174.4

20 Val 8.50 119.3 3.48 67.2 177.9 74 Lys 7.55 119.1 4.86 52.0 173.8

21 Ser 8.11 114.9 4,14 62.2 177.6 75 Pro 4.66 62.8 175.1

22 Lys 8.01 121.7 4.29 58.9 179.6 76 Val 8.03 126.3 5.09 60.4 175.0

23 Met 9.04 119.7 3.65 60.3 178.0 77 Glu 8.86 123.4 4.71 53.8 174.7

24 Arg 8.80 117.7 3.88 60.0 178.9 78 Val 8.87 121.8 4.29 61.4 176.7

25 Ala 7.85 121.5 4.25 55.0 181.4 79 lle 8.87 129.6 3.73 62.6 174.4

26 Gln 8.06 117.4 4,28 57.7 177.4 80 Asp 8.81 127.7 4.35 55.6 177.4

27 Ala 8.63 122.1 3.95 55.2 179.6 81 Ser 8.66 121.9 3.92 62.3 176.8

28 Glu 7.93 116.5 4.11 58.8 179.4 82 Leu 8.39 125.3 4.32 57.8 179.8

29 Lys 7.75 120.6 3.91 58.9 177.5 83 Leu 8.0 118.6 3.99 58.0 179.4

30 Tyr 7.79 113.6 4.54 58.4 173.6 84 Tyr 8.54 117.3 3.78 62.4 179.3

31 Glu 7.72 118.6 3.89 57.0 175.4 85 Gly 8.45 106.8 4.10 46.8 175.4

32 val 8.86 122.0 4.36 59.8 176.4 3.94

33 Pro 4.75 62.3 174.4 86 Lys 7.66 117.4 4.30 55.7 175.4

34 Val 8.26 116.5 5.41 58.3 174.3 87 val 7.82 121.2 2.98 62.4 174.9

35 1le 8.83 124.3 4.30 59.8 174.1 88 Asp 7.97 117.9 4.65 52.2 175.5

36 lle 9.37 128.1 5.42 59.6 175.0 89 Gly 7.93 110.8 3.58 47.1 174.7

37 Glu 8.44 124.5 4.41 54.6 172.7 3.33

38 Ala 8.28 122.2 5.33 49.3 175.6 90 Leu 8.50 121.9 4.06 57.8 177.8

39 Phe 8.50 117.6 4.94 55.3 172.9 91 Gly 8.54 107.2 3.70 47.7 177.2

40 Pro 4.93 62.5 178.2 3.60

41 Glu 9.88 122.5 4.13 59.5 176.5 92 Val 8.19 121.6 3.71 66.7 177.6

42 Thr 7.29 110.1 4.14 62.8 175.8 93 Leu 8.26 121.1 3.88 58.6 177.8

43 Leu 7.75 119.5 4.68 54.0 177.1 94 Lys 8.84 117.1 3.79 60.3 179.7

44 Ala 7.25 123.4 2.69 55.8 178.5 95 Ala 7.55 121.8 4.18 54.9 180.5

45 Gly 8.52 102.7 3.75 46.6 174.2 96 Ala 8.38 122.1 3.97 55.0 178.6

3.49 97 Val 8.58 116.1 3.50 66.4 178.3

46 Glu 7.57 119.2 4.25 57.9 178.2 98 Ala 8.02 122.0 4.11 54.7 179.8

47 Lys 8.38 115.1 4.29 55.4 178.9 99 Ala 7.61 120.3 4.18 54.3 179.9

48 Gly 8.12 106.3 4.07 47.0 174.1 100 e 7.66 118.6 3.55 65.1 178.0

3.62 101 Lys 8.06 120.4 4.07 58.5 178.5

49 Gln 7.34 115.1 3.98 58.0 176.6 102 Lys 8.09 119.9 4.11 58.1 177.5

50 Asn 7.56 114.2 4.85 52.1 173.8 103 Ala 7.73 121.4 4.26 53.0 177.7

51 Ala 7.20 121.0 3.54 51.4 176.0 104 Ala 7.78 121.1 4.30 52.4 177.2

52 Asp 9.26 118.5 4.88 56.3 175.4 105 Ala 7.94 122.5 4.33 52.3 176.5

53 val 7.55 113.5 4.41 61.0 171.0 106 Asn 7.88 122.9 4.46 54.6 179.6

54 Val 128.6 4.80 61.2 173.3

8.43

aThe 'H chemical shifts are relative to TSP, the '°N chemical shifts are relative to liquid NH; {Live et al.,

ical shifts are relative to hypothetical internal TSP {Bax & Subramanian, 1986}.
b Tentative assignments from COCAH.

1984), and the *Ca and *CO chem-
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Fig. 4. Secondary structure indicators. A: Secondary shift for backbone
'Ha (AHa), ?Ca (ACa), and *CO (ACO) resonances. The *CO sec-
ondary shifts are calculated using random coil values relative to TMS
(Howarth & Lilley, 1978). The 'Ha secondary chemical shifts of the
glycines are calculated by subtracting the average chemical shift of the
2 He’s from the random coil value (Wishart et al., 1992). B: Short-range
NOE contacts. The aN(/, i + 1) and NN(/, i + 1) connectivities corre-
spond to strong, medium, and weak NOEs, represented by large, me-
dium, and small bars, respectively. The open bars in the aN(i, i + 1)
and NN/, / + 1) connectivities and the dashed lines in the aN{i, i + 3)
connectivities represent ambiguities due to spectral overlap.
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13C /3N labeling using standard procedures (Sambrook et al.,
1989).

Production of uniformly ’N-enriched IIB“

The cells were grown in M9 mineral medium (Sambrook et al.,
1989) containing 2 mg/L thiamine, 0.09 mM CaCl,, 0.9 mM
MgSO,, 1 g/L "*"N,-ammonium sulfate (99.9% enriched; Isotec,
Inc., Miamisburg, Ohio), and 4 g/L glucose. A 20-mL overnight
culture of unlabeled M9 medium containing 12.5 ug/mL tetra-
cycline and 100 pg/mL ampicillin was used to inoculate 2 L of
labeled M9 medium without ampicillin. The temperature was
shifted to 42 °C after growing at 30 °C until ODgy, = 0.6. Cells
were harvested by centrifugation after 135 min at 42 °C.

Production of uniformly '>C/’N-enriched IIB“

Doubly labeled IIB*®' was produced in the same way as above
with the following modifications. E. coli strain W3110 was used
instead of TOPP4 because it showed a higher expression of
[1B*? at low glucose concentrations. W3110 was grown in 3 L
of M9 medium containing 1 g/L !*N,-ammonium sulfate
(99.9% enriched; Isotec, Inc.), 1 g/L '3Cq-glucose (99% en-
riched; Cambridge Isotope Laboratories, Cambridge, Massa-
chusetts). Tetracycline was omitted from all media. Trace metals
were added at a ratio of 1 mL stock solution per liter of medium,
using the following stock solutions: {(a) 1 g EDTA, 30 mg
ZnS0O,-7H,0, 198 mg MnCl,-4H,0, 254 mg CoCl,-4H,0,
13.4 mg CuCl,, and 147 mg CaCl, in 100 mL water; the solu-
tion was brought to pH 4 with NaOH; and (b) 278 mg
FeSO,4-7H,0 in 1 N HCL. Cells were harvested by centrifuga-
tion after 4 h at 42 °C.,

Purification and characterization

Cells were resuspended in 100 mL of TG-buffer (10 mM Tris-
acetate, pH 6.5, containing 5% glycerol, 1 mM NaN;, | mM
dithiothreitol) with 1 mM phenylmethylsulfonyl fluoride (PMSF)
and stored at —20 °C. The cell suspension was passed through
a French press at 5,000-10,000 psi. Membranes were sedimented
by centrifugation (150,000 x g, 4 °C, 45 min), and the pellet was
homogenized with 50 mL TG-buffer and centrifuged again.
Both supernatants were combined and loaded on an S-Sepharose
column (15 X 2.5 ¢m) at a flow rate of 1 mL/min, after which
the column was washed overnight with TG-buffer. Elution was
performed with a gradient of 2 x 250 mL of 0-300 mM NacCl
in the same buffer. Fractions were pooled on the basis of the
pattern seen on SDS-PAGE gels. Fractions containing I1B*
were loaded onto a G-50 Sephadex column (80 x 3.5 cm), after
adjusting the NaCl concentration to 100 mM, and gel filtration
was then carried out using TG-buffer at pH 6.5 with 100 mM
NaCl. A total of 20 mg IIB°' was obtained for both the N
and the '3C/"N IIB*® samples. These were then concentrated
to a volume of 0.6 mL using Centricon concentrators with a cut-
off of 3 kDa. D,O was added to 7%, and EDTA was added to
2 mM. After purification, the final pH of the *C/!*N IIB¢¢!
sample was 6.2. The purity of the purified IIB*® was estimated
to be >95% from 15% SDS-PAGE gels (Laemmli et al., 1970)
stained with Coomassie brilliant blue.

The protein was characterized by determining its molecular
weight using electron spray mass spectroscopy and N-terminal
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sequencing of the first 15 residues of the purified protein. Mass
spectrometry was performed on a TSQ 700 instrument (Finni-
gan Mat, San Jose, California) fitted with an electrospray ion
source. Samples were diluted in 1/1 (V/V) methanol/water con-
taining 1% acetic acid to a final concentration of 10 pmol/L.
Using a syringe pump (Havard Apparatus, South Natick, Mas-
sachusetts), the samples were introduced into the ion source
through a fused silica capillary at a flow rate of 3 L/min. Tun-
ing and calibration of the instrument were performed using horse
myoglobin. Positive full-scan mass spectra were acquired over
the m/z range 950~1,950. Approximately 40 scans were averaged
and deconvoluted to give the corresponding mass of the protein
using the Bio Mass Program (Finnigan Mat). Sequencing was
done by Edman degradation on the purified protein using a
Knauer model 810 pulsed liquid sequenator (Knauer, Berlin,
Germany) according to the instructions of the manufacturer.

For experiments in D,0, the '*C/!*N sample was repeatedly
diluted with TG-buffer in D,O containing Ds-glycerol and con-
centrated again. The protein concentration was determined using
the Bradford (1976) method with bovine serum albumin as a
standard. The concentration of the N NMR sample was
~4 mM; that of the *C/'"*N NMR sample was ~2 mM.

The °N-'H HSQC experiment

All NMR experiments were performed on a Varian Unity 500-
MHz spectrometer. The >'N-HSQC spectrum (Bodenhausen &
Ruben, 1980) was recorded at 20 °C (Fig. 1) using the 3C/’N
sample. The spectral widths were 6,666.7 Hz ('H) and 2,000.0 Hz
("*N). The maximum values for ¢, ("’N) and ¢, (\H) were 128 ms
and 154 ms. The 'H carrier was placed at the water frequency
(4.81 ppm relative to TSP). The '*N carrier was placed at
116.84 ppm relative to liquid NH;. During '*N evolution, *Ca
decoupling was done using a GARP sequence with an rf field
of vB, = 2 kHz (Shaka et al., 1985), and *CO decoupling was
done using a block wave with a modulation frequency of 90 Hz
and an rf field of yB, = 0.5 kHz. During acquisition, a broad-
band WALTZ-16 sequence (Shaka et al., 1983) with an rf field
of yB, = 0.8 kHz was used for >N decoupling. Water was sup-
pressed by 2 orthogonal spin lock pulses of 2 and 6 ms applied
during the reversed INEPT part of the pulse sequence.

'H->N heteronuclear 3D NMR spectroscopy

The 3D '*N-NOESY-HSQC and 3D "N-TOCSY-HSQC spec-
tra were recorded at 20 °C using published pulse sequences (Fesik
& Zuiderweg, 1988, 1990; Marion et al., 1989a, 1989b; Zuider-
weg & Fesik, 1989; Norwood et al., 1990). The spectral widths
in the wl ("H), 2 (**N), and w3 ("H) domains of the spectra
were 7,000.4, 2,000, and 7,000.4 Hz, respectively, The maximum
values of ¢, t,, and ¢; were 22.25, 18.3, and 146 ms. In order
to obtain quadrature detection in w1 and w2, time proportional
phase incrementation was used (Bodenhausen et al., 1980;
Marion & Wiithrich, 1983). The 'H carrier frequency was
placed at the water resonance and the '*N carrier at 116.84 ppm
relative to liquid NH;. The mixing time in the NOESY-HSQC
experiment was 100 ms, including a 30-ms homospoil pulse in
the middle of this period to remove any coherences of order 1
and higher. An MLEV17 sequence (Bax & Davis, 1985) was ap-
plied during the 37.4-ms spin lock period in the TOCSY-HSQC
experiment, with an rf field of B, = 11.8 kHz and with 42.4-us
delays bracketing the 7 pulses in the MLEV17 sequence
(Griesinger et al., 1988). Water was suppressed by 2 orthogo-
nal spin lock pulses of 2 and 4 ms applied during the reversed
INEPT part of the pulse sequence (Messerle et al., 1989). Dur-
ing acquisition, a broadband WALTZ-16 sequence (Shaka et al.,
1983) with an rf field of yB; = 0.8 kHz was used for >N de-
coupling. Each experiment was acquired in 6-7 days.

IH-BN-I3C triple resonance NMR spectroscopy

The HNCA (Kay et al., 1990), HN(CO)CA (Bax & Ikura, 1991),
HNCO (Grzesiek & Bax, 1992), and HN(CA)CO (Clubb et al.,
1992) spectra were recorded using a constant time *C evolution
period. All spectra were recorded at 20 °C. The 'H carrier was
placed at the water resonance (4.81 ppm relative to TSP), and
the N carrier was placed at 116.84 ppm relative to liquid
NH;. The *Ca and '*CO carriers were placed at 58.18 and
177.51 ppm, respectively, relative to TSP. The spectral widths
inthe 'H, °N, *Cq, and *CO domains were 7,000.4, 2,000.0,
5,000.0, and 2,500.0 Hz, respectively. The maximum values for
¢, ('*’N) and #; (*H) were 15.25 ms and 73 ms for all experi-
ments. The maximum values for ¢, (13C) were 7.4 ms for the
HNCA, 8.9 ms for the HN(CO)CA, 19.8 ms for the HNCO, and
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13.8 ms for the HN(CA)CO. Quadrature detection in wl and
w2 was done using TPPI. The water signal was suppressed
by a weak rf field during the preparation period of 1 s. The
total experiment times were 6.8 days for the HNCA, 2.9 days
for the HN(CO)CA, 1.7 days for the HNCO, and 5 days for the
HN(CA)CO.

The COCAH experiment (Kroon et al., 1993; Dijkstra et al.,
1994) had 2 constant time '*C evolution periods and was re-
corded in TG-buffer with D,O and Ds-glycerol. The spectral
widths in the PCa (wl), *CO (w2), and 'Ho (w3) domains
were 5,000, 2,500, and 7,000.4 Hz, respectively. The 'H carrier
was placed at the water resonance (4.81 ppm relative to TSP),
and the *Ca and '3CO carriers were placed at 56.18 ppm and
175.52 ppm, respectively, relative to TSP. The maximum val-
ues for ¢, 5, and ¢; were 6.4, 18, and 73 ms, respectively. Dur-
ing both evolution periods, !N decoupling was done using a
WALTZ-16 sequence. Water was suppressed by presaturating for
1 s during the 2-s relaxation delay. The total duration of the ex-
periment was 5 days.

Data processing and analysis

All data were processed on either a Convex €220 or a Silicon
Graphics IRIS Indigo, using the program SNARF, written by
Frans van Hoesel, Groningen. The 3D spectra were recorded as
sets of 2D spectra. Before Fourier transformation, the ¢, and ¢,
time domain data were extended by linear prediction and filtered
by multiplication with a suitable window function (sine-bell or
Lorentz-Gauss transformation). After Fourier transformation
in all 3 domains, a data set of 1,024 (w3, 'H) X 128 (w2, *N) x
512 (1, 'H) points was obtained in the case of the NOESY-
HSQC and TOCSY-HSQC spectra. A data set of 1,024 (w3,
YH) x 128 (w2, *N) x 128 (wl, '*C) real points was obtained
for the HNCA, HN(CO)CA, HNCO, and HN(CA)CO experi-
ments, and a data set of 1,024 (w3, 'H) x 128 (w2, *C) x 128
{1, 3C) real points was obtained for the COCAH experiment.
A data set of 1,024 (w3, 'H) x 512 (w2, *N) real points was
obtained for the high-resolution 2D "N-HSQC.

Determination of secondary structure

Information concerning the secondary structure was obtained
both from the deviations of the chemical shifts of Ha, Ca, and
carbonyl resonances from their random coil values in small pep-
tides and from the occurrence and magnitude of HN-HN and
HN-Ha NOESY crosspeaks.
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