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ABSTRACT The glucose-specific phosphocarrier protein
(III6*) of the bacterial phosphoenolpyruvate : glycose phospho-
transferase system (PTS) is a major signal transducer that
mediates the intricate interplay among extracellular signals
(PTS and non-PTS sugars), cytoplasmic and membrane pro-
teins (PTS and non-PTS transporters), and adenylate cyclase.
To further define the central role of ITIS* in these multiplex
signaling mechanisms, we have used site-directed mutagenesis
to construct three mutant III®* proteins containing single
amino acid changes; Phe-3 was replaced with tryptophan
((Trp’JlII®c), and His-75 and the active-site His-90 were
replaced with glutamine ([GIn”>JIIIS* and [GIn*™]III¢*, re-
spectively). [Trp>]III®* resembles the wild-type protein in most
properties and should be valuable for spectrophotometric
experiments. In contrast, clear differences between mutant and
wild-type proteins were observed with both [GInS]ITI®* and
[GIn**]III®* in in vitro sugar phosphorylation assays. As pre-
dicted, [GIn®*JIIIS* with a modified active site cannot be
phosphorylated. Unexpectedly, [GIn”5]III®* accepts but can-
not transfer phosphoryl groups, suggesting His-75 may also be
a critical amino acid for ITIS*-mediated signaling mechanisms.
The physiological effects of these mutations are briefly de-
scribed.

The multifunctional phosphoenolpyruvate: glycose phospho-
transferase system (PTS) comprises a complex array of
reversibly phosphorylated proteins that effect the concomi-
tant uptake and phosphorylation of PTS sugar substrates.
The PTS also acts as a signal transducer in the interplay of
several other protein networks (e.g., non-PTS transport
systems and adenylate cyclase) required for the maintenance
of bacterial cellular metabolism (for review, see refs. 1 and 2).
Our original hypothesis (3) proposed that the crr gene prod-
uct, IIIGk (the phosphocarrier protein of the phosphotrans-
ferase system specific for glucose and methyl a-D-
glucopyranoside), can deliver multiple regulatory signals in
response to the extracellular concentrations of solute sugar
nutrients, and, depending on the phosphorylation state of
IIIC%, these signals are transduced by different pathways
within the bacterial cell. The current working model for
I1I%'-mediated regulatory functions is summarized in Fig. 1.
Our ultimate goal is to dissect the signaling mechanisms in
each of the cellular responses involving the pivotal PTS
protein, 111Gk,

Structure—function studies of III°* are obviously germane
to any mechanism(s) postulated to define the interactions
outlined in Fig. 1. In the present study, we describe the
construction of ITI%' mutant proteins with site-directed mu-
tations of three critical amino acid residues: (i) We substi-
tuted glutamine for histidine at position 90 ([GIn*]III%*) to
investigate the role of His-90 in the phosphorylation—dephos-
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phorylation functions of I1I°'°; the presumptive phosphoryl-
accepting active site in III®' has been identified as N-3 (4) of
His-90 (6). (ii) The only other histidine residue in the protein,
His-75, was also replaced by glutamine ([GIn?*]III®*); both
histidyl residues are present within a proposed regulatory
domain (7) conserved near the C terminus of five transport
system proteins found in Gram negative and Gram positive
organisms. (iii) In the third mutation tryptophan was substi-
tuted for Phe-3 in the N-terminal heptapeptide region
([Trp’]1II%*); the N terminus of III° (4, 8) appears to be
required for interaction with IIB¢°, the membrane receptor
protein. We also report preliminary characterization of the
three mutant III%¢ molecules and their in vitro and in vivo
physiological effects.

MATERIALS AND METHODS

Plasmids and Escherichia coli Bacterial Host Strains. Strain
XL1-Blue {recAl lac™ endAl gyrA96 thi hsdR17 supFE44
relAIN~ [F' proAB lacl? lacZAM1S Tnl0 (tet")]} (9), helper
phage R408, and phagemid pBluescript SK~ were obtained
from Stratagene, and CJ236 [dutl ungl thil relAl/pCJ105
(Cm")] was from Bio-Rad. The host strain (DS166) used for
expression of mutant and wild-type crr genes is a recA
derivative (10) of E. coli strain DG40, shown by Wolfgang
Epstein (personal communication) to carry a deletion that
begins within the ptsI gene and extends into or beyond the
cysA gene. The following DS166 transformants harbor the
indicated phagemids: SR1600, pBluescript SK~; SR1601,
wild-type crr; SR1602, His-90 — Gin; SR1603, His-75 — Gin;
SR1604, Phe-3 — Trp. Cells were grown aerobically at 37°C
in LB medium (11), supplemented with appropriate antibiot-
ics.

Mutagenesis. Kits for mutagenesis and dideoxy-nucleotide
sequencing were from Bio-Rad and Bethesda Research Lab-
oratories, respectively. The Muta-Gene in vitro mutagenesis
kit (Bio-Rad) was used with the modifications of the manu-
facturer’s procedure indicated below. Mutagenic oligonucle-
otides were assembled on a Biosearch 8750 automated DNA
synthesis apparatus using B-cyanoethylphosphoramidite
methodology (12). The template for mutagenesis was pBlue-
script SK ™ containing the EcoRI-Pst I restriction fragment of
pDS45 (10); this 1.5-kilobase fragment contains the structural
gene for 1119, but lacks the genes for HPr and enzyme 1.
Recombinant phagemids were introduced into the dut ung
strain CJ236 by transformation (13). Packaged single-
stranded DNA was generated by superinfecting transfor-

Abbreviations: ITIS%, the phosphocarrier protein of the phospho-
transferase system specific for glucose and methyl a-p-glucopyran-
oside; PTS, phosphoenolpyruvate: glycose phosphotransferase sys-
tem; [Trp*)IIIC*, [GIn75]IIIC*, and [Gln9°]IIIG‘°, the Phe-3 — Trp,
His-75— Gln, and His-90— GIn ITI¢® mutant proteins, respectively;
IIBS*, glucose-specific integral membrane protein of the PTS; HPr,
histidine-containing phosphocarrier protein of the PTS; aMeGlc,
methyl a-D-glucopyranoside.
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FiG. 1. Regulatory interactions of III%* (1, 2). As a component
of the glucose-specific PTS (I1I¢</IIBC¥), the II1%* and/or phos-
pho-I1I°* proteins are signal transducers between the phosphoryl-
ated histidine-containing phosphocarrier protein of the PTS (HPr),
the glucose-specific integral membrane protein of the PTS (IIBCk),
and glucose or methyl a-D-glucopyranoside (eMeGlc). ITIIS* is also
a negative effector of the transport systems of at least four non-PTS
carbon sources (lactose, maltose, melibiose, and glycerol), whereas
phospho-1119%¢ is either inactive or a positive effector. In addition,
phospho-1II19* is thought to be an activator of adenylate cyclase,
thereby regulating the expression of a number of catabolic and
transport system operons. Finally, the ITIS* protein itself may be
metabolically regulated; two electrophoretically distinguishable
forms of IIIGk, III§k, and IIIEL,, have been isolated (4). IIISLS, is
the active form of III° in the glucose phosphorylation reaction and
111k, is generated by a specific membrane protease (5) that cleaves
the N-terminal heptapeptide from III§LS,,. ITIEX, is fully capable of
accepting phosphate from phospho-HPr, but shows low relative
phosphotransfer activity (4). The physiological importance of the two
111Gk species and/or the heptapeptide is unknown.

mants (two cycles) with the helper phage R408. Purified
uracil-containing DNA was the template in the in vitro
mutagenesis reactions; the following synthetic primers were
used to direct the mutations: 5'-CAGTTTATCCCACAAAC-
CCAT-3', for Phe-3 — Trp; 5'-AGAGAATGCCTGGTTG-
GTT-3', for His-75 — Gln; 5'-TACCGAACTGGACGAACA-
3’, for His-90 — GIn (mismatched nucleotides are under-
lined). After transformation into E. coli XL1-Blue, cells
carrying mutant phagemids were identified by colony screen-
ing with 3?P-labeled mutagenic oligonucleotide probes. Su-
perinfection of transformants with R408-generated single-
stranded DNA for sequence analysis (14). Mutation-bearing
phagemids were subsequently transformed into DS166 cells
and double-stranded DNA isolated from these cells was
resequenced using the K/RT sequencing system as described
by the manufacturer (Promega Biotec).

Secondary-Structure Prediction Analyses. The hydropathic-
ity profile and secondary-structure prediction programs of
the Bionet National Computer Resource for Molecular Biol-
ogy (IntelliGenetics, Mountain View, CA) were used for
computer analysis of protein secondary structure. The Kyte
and Doolittle (15) and Hopp and Woods (16) methods were
used for computing average hydropathicity and hydrophilic-
ity profiles, respectively. Protein secondary structures were
predicted using the Chou and Fasman algorithm (17).

Isolation of Mutant ITI®' Proteins. Partially purified mutant
proteins were isolated from transformed DS166 cells by a
modification of procedure A described in ref. 4; initially, cell
homogenates were treated with 0.5% Celite 503 (J. T. Baker)
instead of protamine sulfate, and the preparative isoelectric
focusing and gel electrophoresis steps were omitted. The
quantities of mutant and wild-type IIIS* proteins were de-
termined by rocket immunoelectrophoresis (4).

Assays for ITIC%, III%' proteins were assayed in vitro (4)
using homogeneous preparations of E. coli enzyme I and HPr
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and partially purified IIBS* (18). Protein was measured by
the method of Bradford (19).

Phosphoacceptor and phosphotransfer activities of 1116k
proteins were monitored using 32P-labeled phosphoenolpyru-
vate (20) in the presence and absence of aMeGIc as indicated.
Protein products were separated by NaDodSO,/polyacryl-
amide gel electrophoresis (21) and labeled proteins were
detected by autoradiography.

RESULTS AND DISCUSSION

Construction and Structural Properties of the ITI¢' Mutant
Proteins. The method of Kunkel et al. (22) was used to
construct mutant plasmids. Codon changes were confirmed
by DNA sequence analysis and the results are shown in Fig.
2. The mutation TTC — TGG changes Phe-3 to Trp (Fig. 24),
CAC — CAG changes His-75 to Gin (Fig. 2B), and CAC —
CAG changes His-90 to Gln (Fig. 2C).

On the basis of several considerations, it seems unlikely
that the mutated crr genes encode truncated or drastically
altered III°* molecules: (i) The side chain of glutamine is
smaller and has greater flexibility than histidine, but Lowe et
al. (24) have reported that the amide nitrogen of the side chain
of glutamine may be superimposed to occupy the same
position as N-3 of histidine; the substitution of an indolyl
group (tryptophan) for a phenyl group (phenylalanine) is very
conservative with respect to size and aromaticity. (ii) The
structural prediction methods of Kyte and Doolittle (15),
Hopp and Woods (16), and Chou and Fasman (17) were used
to analyze the derived primary amino acid sequences of the
mutant proteins. When compared to the wild-type sequence,
the results suggest that the mutations do not result in major
perturbations of the wild-type ITIC* structure (data not
shown). (iii) Each of the III° proteins encoded by the
mutant crr genes is indistinguishable from wild-type I1I6%
when analyzed by native and NaDodSO,/polyacrylamide gel
electrophoresis (unpublished results and Fig. 3). (iv) Both the
IS, and IIIEE, species (4) were isolated from all strains
transformed with the mutant genes and are electrophoreti-
cally identical to the respective wild-type IIIC species. (v)
The mutant forms of IIISS, are processed in vitro by the
membrane protease (5) that removes the N-terminal hep-
tapeptide from wild-type IIISS, (data not shown). (vi) The
mutant proteins are reactive with antibodies raised against
wild-type I116%,
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FiG. 2. DNA sequence analysis of mutant crr genes. Double-
stranded DNA was isolated from DS166 transformants and se-
quenced using reverse transcriptase. Sequences shown are the
antisense strands numbered as in ref. 23; asterisks denote nucleotide
substitutions. (A) Nucleotides 2281-2320; TGG codons for tryp-
tophan at positions 2293-2295. (B) Nucleotides 2481-2521; CAG
codons for glutamine at positions 2509-2511. (C) Nucleotides 2548—
2579; CAG codons for glutamine at positions 2554-2556.
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FiGc. 3. Phosphoacceptor and phosphotransfer activities of I116%°
proteins. The assay mixtures included 2 mM [32P]phosphoenolpy-
ruvate, 0.1 M aMeGlc when present, and the following PTS proteins:
enzyme I at 1 uM, HPr at 6.6 uM, III%* proteins at 1 uM, and IIBClc
at 0.06 uM. Proteins were separated by NaDodSO,/PAGE and
32p_labeled proteins were detected by autoradiography. The portion
of the gel containing proteins migrating to the positions of homoge-
neous enzyme I and IIIS* is shown; except for phospho-HPr (not
shown), no other labeled protein bands were observed. Lanes: 1 and
2, wild-type I116*; 3 and 4, [GIn®*]IIIC!; § and 6, [GIn"*]I1IC*; 7 and
8, [Trp’)lIICkE, +, aMeGlc added; -, no aMeGlc added.

In Vitro Sugar Phosphorylation Assays. As a first step in
analyzing the phosphoenolpyruvate-dependent phospho-
transferase signaling mechanism, the functional integrity of
the engineered polypeptides was evaluated in complete in
vitro phosphorylation assays (4). Comparable yields of sugar
phosphate were obtained from incubations containing equiv-
alent concentrations of either wild-type ITIIS* or [Trp*]IIICk,
Predictably, no detectable sugar phosphate could be isolated
from assays that included the active-site modified
[GIn®]JIIIC*, Unexpectedly, [GIn’*]IIIC* yielded similar re-
sults. The proteins containing the His — Gln substitutions do
not complement one another in mixing experiments. Further-
more, neither His — GIln mutant inhibits the activity of
wild-type ITIS. Thus, the lack of phosphocarrier activity of
these protein preparations is not caused by an inhibition of
sugar phosphorylation.

The overall phosphocarrier activity of the substrate, ITI¢*,
is dependent upon two specific reactions: (i) acceptance of a
phosphoryl group from phospho-HPr and (ii) IIBS'®-
catalyzed transfer of the phosphoryl group from phospho-
IIIS* to sugar. Hence, both the phosphoacceptor and phos-
photransfer ability of the mutant proteins were assessed and
the results are shown in Fig. 3. The wild-type protein is
phosphorylated in the absence (lane 2) of aMeGlc and the

Table 1. Phenotypes of IIIS%* mutants
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[**Plphosphoryl group is discharged in the presence (lane 1)
of an excess of sugar; HPr and IIBC* were present at low
levels in all incubation mixtures. Identical results were ob-
tained with [Trp*JIII®* (lanes 8 and 7, respectively). As
expected, when His-90 is replaced with glutamine, the active-
site mutant protein cannot accept the phosphoryl group (lane
4) and consequently is not a donor (lane 3). The most
interesting result was obtained with [His”’JIIIC*. We ex-
pected this mutant protein to behave similarly to wild-type
11§k, (see Fig. 1) and indeed [GIn™]III§L, does act as a
phosphoryl acceptor (lane 6). However, phosphorylated
[GInS]IIISYS, is unable to donate the phosphoryl group to the
aMeGlc substrate of IIBC (lane 5). In this sense,
[GIn™*]IIISS,, resembles wild-type ITIEL,.

With the assumption that none of the amino acid substi-
tutions led to gross conformational changes, the results
summarized above verify the critical role of His-90 in the
molecular mechanism of glucose translocation. On the other
hand, the effects of the GIn-75 mutation are not readily
explained. One interpretation of the data is that the His-75 —
Gln substitution results in a local modification of protein
structure and/or chemistry (due to the slightly smaller size of
glutamine as compared to histidine or to the loss of proton-
donating capability) that locks phospho-III°* in a conforma-
tion where the bound phosphoryl group is stabilized and
cannot be transferred. In view of the suggestion by Poolman
et al. (7) that the III®*-like domains present in several widely
divergent transport system proteins may serve a regulatory
function, we cannot exclude the possibility that both the
His-75 and His-90 residues play an important role in the group
translocation process by some unknown mechanism, perhaps
by phosphate migration from one histidine residue to the
other.

Phenotypic Properties of III6" Mutants. Coupling of the
PTS signal transduction pathway to alternate protein signal-
ing pathways is one mechanism by which sugar nutrients can
elicit a variety of intracellular responses. Preliminary studies
on the in vivo behavior of the mutant crr gene products are
summarized in Table 1. E. coli cells were transformed with
plasmid DNA encoding wild-type and mutant ITIC proteins.
We emphasize that a functional enzyme I is not present in the
ptsI crr host strain and the plasmids do not carry the gene
(ptsI) for enzyme 1. Thus, in the E. coli genetic background
examined, it should be possible to evaluate the cellular
signaling effects of dephosphorylated ITI°* on non-PTS
target proteins.

For each corresponding strain and non-PTS sugar tested,
quantitative growth patterns (Table 1) in minimal medium
generally confirmed qualitative fermentation responses ob-
served on rich indicator medium: (i) Strains SR1601, SR1603,
and SR1604 grew slowly on maltose, glycerol, and melibiose,

Maltose Glycerol Melibiose* Lactose* Galactose
Strain Protein Gen., hr Ferm. Gen., hr Ferm. Gen., hr Ferm. Gen., hr Ferm. Gen., hr Ferm.
SR1600  Nonet 3.9 ++ 2.8 + 3.0 + 2.8 +++ 1.8 ++
SR1601 1116k ook - 9.3 - 7.6 ¥ 2.7 ++ 2.8 +++
SR1602 [GIn®I1IGk 3.2 + 5.7 ¥ 3.6 F 1.7 ++ 1.9 ++
SR1603  [GIn"*]IIICk o - S - 4.9 F 2.5 ++ 3.3 ++
SR1604 [Trp3]I1ICIe LY - 4.6 - 4.1 + 2.1 ++ 2.2 ++

Generation times (Gen.) were determined at 37°C in medium 63M (25) containing ampicillin (15 ug/ml), thiamine hydrochloride (5 ug/ml),
thymidine (40 ug/ml), isoleucine (25 ug/ml), valine (25 ug/ml), and leucine (25 ug/ml), 120 uM cysteine, 120 M methionine, and 0.5% sugar.
Inocula were grown in LB medium; 1-ml aliquots were transferred to 1-liter flasks containing 200 ml of medium 63M and rotated at 215 rpm.
Generation times are calculated from exponential phases of growth. Fermentation properties (Ferm.) of plasmid-bearing strains were determined
on MacConkey agar indicator plates (without lactose) containing ampicillin (30 ug/ml) and 1% sugar. Fermentation responses were recorded
as follows: from + to +++, positive to strongly positive fermentation; ¥, weak fermentation; —, no fermentation.

*Lactose operon is constitutively expressed in all strains; melibiose is a substrate of both the melibiose and the lactose transporters.
Strain harbors pBluescript SK~.
¥Generation time in excess of 10 hr.
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which were also fermented poorly; [Trp*]III®* and
[GIn™*]IIIC* behave like the wild-type protein and regulate
the utilization of these three non-PTS sugars, albeit to various
degrees. (ii) In contrast, growth rates of strain SR1602 were
similar to the parent strain, SR1600; [GIn**JITII®! behaves like
a crr mutant and appears to have lost the regulatory functions
of wild-type ITIC", (iii) B-Galactosidase measurements show
that the lactose operon is constitutively expressed in all the
strains (unpublished results), which may account for the
observed insensitivity of the lactose uptake system. (iv) The
constitutive lactose operon also affected melibiose utiliza-
tion; melibiose is a substrate of both the melibiose and lactose
transporters. (v) Consistent with previous results (26, 27),
galactose utilization is relatively insensitive to PTS-mediated
regulation.

Since the interactions between III®‘ and the non-PTS
proteins are stoichiometric, not catalytic (25, 27-29), then
one potential explanation for the results shown in Table 1 is
that the strains harboring the plasmids may produce different
quantities of the corresponding mutant and wild-type 116
proteins. Each of the strains were, therefore, grown under
the same conditions and extracts were assayed for the IIIG!
proteins by rocket immunoelectrophoresis; all strains con-
tained comparable quantities of immunoreactive I1I°" (data
not shown). Thus, the differences in physiological responses
must be attributed directly to the amino acid substitutions.

All of the results thus lead to the conclusions that both
histidine residues are essential for phosphotransfer reactions
but that only the active site His-90 is required for regulation
of non-PTS systems. Why His-75 should be required for
phospho-III°* to act as a phosphoryl-group donor remains to
be elucidated. The answer to this intriguing question may
shed significant light on the mechanism of action of this
important PTS protein.
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