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ABSTRACT. Enzyme | of the bacterial phosphoenolpyruvate:sugar phosphotransferase system can be
phosphorylated by PEP on an active-site histidine residue, localized to a cleft betwedreheal domain

and ana/ domain on the amino terminal half of the protein. The phosphoryl group on the active-site
histidine can be passed to an active-site histidine residue of HPr. It has been proposed that the major
interaction between enzyme | and HPr occurs via ¢hkelical domain of enzyme |. The isolated
recombinanti-helical domain (residues 258.45) with ~80% a-helices as well as enzyme | deficient in

that domain [EIAHD)] with ~50% a-helix content fromM. capricolumwere used to further elucidate

the nature of the enzyme-HPr complex. Isothermal titration calorimetry demonstrated that HPr binds

to thea-helical domain and intact enzyme | wikj, =5 x 10* and 1.4x 10° M~ at pH 7.5 and 25C,
respectively, but not to EXHD), which contains the active-site histidine of enzyme | and can be
autophosphorylated by PEP. In vitro reconstitution experiments with proteins fromMvbathpricolum

andE. coli showed that EKHD) can donate its bound phosphoryl group to HPr in the presence of the
isolateda-helical domain. Furthermor&). capricolumrecombinant C-terminal domain of enzyme | (EIC)

was shown to reconstitute phosphotransfer activity with recombinant N-terminal domain (EIN) ap-
proximately 5% as efficiently as the HD-RAHD) pair. Recombinant EIC strongly self-associat€$ &

10 M~ in comparison to dimerization constants 0f4Q0” M~ measured for EI and EAHD).

The bacterial phosphoenolpyruvate:sugar phosphotrans- Solution and crystal structures have been elucidated for
ferase system (PTSig responsible for the coupled transport  HPr and 11A9¢ proteins from various sourceg-(4). While
across the cytoplasmic membrane together with phosphoryl-the structure of El has not been completely solved, that of
ation of a family of sugars. The first step in the pathway theE. coliamino-terminal domain (EIN) has been determined
involves the autophosphorylation by phosphoenolpyruvate by both X-ray ) and NMR @) methods. The structure of
(PEP) of an approximately 64 kDa protein (enzyme |, EI) EIN (M, ~ 30 kDa) is composed of two subdomains: the
on the N3 atom of a conserved histidine residue (His189 in first contains four-helices arranged as two hairpins to form
Escherichia col. Phosphorylated EI can, in turn, pass the a claw-like conformation and the second ig&andwich
phosphoryl group to the N1 atom of a conserved histidine composed of a three-stranded antipargisheet and a four-
residue (His15 inE. col) of an approximately 9 kDa  stranded paralleB-sheet as well as three sharthelices.
phosphocarrier protein, HPr. Phosphorylated HPr can transferThe active-site His189 is positioned in a cleft at the interface
its phosphoryl group to a number of sugar-specific protein of the two subdomains.

components, collectively known as enzymes1). ( Pyruvate, orthophosphate dikinase (PPDK) shares with El
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L Abbreviations: PTS, phosphoenolpyruvate:sugar phosphotrans- (9). However, a comparison of the topology of EIN and the
ferase system; PEP, phosphoenolpyruvate; El, enzyme | of the PTS;phospho-histidine domain of PPDK suggests common ele-

HPr, histidine-containing phosphocarrier protein of the PTSY4A ments in the two proteins; the strands of fheandwich of
enzyme lIA specific for glucose of the PTS; HD, the helical domain '

of El (residues 25145 in Mycoplasma capricolurand residues 25 bOth molecu!es show excellent alignment a_nd chain connec-
143 in Escherichia coli EI(AHD), enzyme | deleted for the helical ~ tivities. A unique feature of the fold of EIN is the presence
domain; EIN, amino-terminal domain of El (residues 268 of M. of the a-helical subdomain. Since EIN, but not PPDK, has

capricolun); EIC, carboxy-terminal domain of El (residues 249-end ot inimAating i ;
of M. capricolun: PK. pyruvate kinase: PPDK, pyruvate, orthophos- the capability of participating in a reversible phosphotransfer

phate dikinase; DTT, dithiothreitol; ITC, isothermal titration calorim- With HPr, it was proposeds] t_hat theQ'domain plays an
etry; CD, circular dichroism. important role in the HP+EIN interaction. Models for the
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Table 1: Recombinant Enzyme | Constrdcts

construct primers
EI(AHD) (M.capricolum)®
template= pMC-El forward 1= vector sequence upstream of translation start
structure= (M)(He)(1—24)(F)(146-end) reverse £ 5'-GTATATCAAGTTTGAATTCTTTTATAAC-3'

forward 2= 5'-CTCACATTTTAGAATTCGAAATTCATG-3
reverse 2= vector sequence downstream of translation stop
EI(AHD) (E. coli)®
template= pR6 forward 1= vector sequence upstream of translation start
structure= (M)(He)(1—21)(144)(K145V)(146-end) reverse £ 5-GTCAATGACAATTACTAGTTC TTTCAGA-3'
forward 2= 5-ACATCCTGGGACTAGTGATTATCGACC-3
reverse 2= ptsl sequence downstream of translation stop
5-TATCCTTCTTGTCGACGGAAACC-3
HD (M.capricolum)¢

template= pMC-EI forward= 5'-AGAGCTCTTGTTATACATATGACCAAACTTGATATA-3'

structure= (M)(Hg)(M)(25—145) reverse= 5-ATCAATAGTTGATAAGTCGACAAT TTATAATCCTAAAATG-3'
HD (E. coli)®

template= pR6 forward= 5'-GAAAGAAGACCATATGGTCATTGACC-3

structure= (M)(Heg)(M)(25—143) reverse= 5-CTCAGGTCGACAATCTTTTAGCCCAGGATG-3
EIN (M.capricolumf

template= pMC-EI forward= vector sequence upstream of translation start

structure= (M)(Hg)(1—268) reverse= 5-CAATATTTGCGTCGACTAGCTATTAAT TTTTATCTT-3
EIC (M.capricolum)?

template= pMC-EI forward= 5-GTACAACAACATATG GAATTAAAAGAGC-3’

structure= (M)(He)(M)(249—end) reverse= vector sequence downstream of translation stop

aSee Experimental Procedures for details of preparation of constPiRésierse 1 primer: underlined regien EcoRI recognition sequence;
bold region (TTC) corresponds to codon for E24. Forward 2 primer: underlined regkcoR| recognition sequence; italicized (TTE)inserted
F residue; bold region (GAA¥F codon for E146° Reverse 1 primer: underlined regienSpe recognition sequence; bold region (TTE)codon
for E21. Forward 2 primer: underlined regienSpé recognition sequence; bold region (GTS)codon for K145 mutated to V. Reverse 2 primer:
underlined regior= Sal recognition sequencé.Forward primer: underlined regioa Ndd recognition sequence; bold region (AC&)codon for
T25. Reverse primer: underlined regienSal recognition sequence; italicized region (TTA)stop codon; bold region (TAA¥ codon for L145.
¢ Forward primer: underlined regicn Ndd recognition sequence; bold region (GT€)codon for V25. Reverse primer: underlined regiersal
recognition sequence; italicized region (TT#A)stop codon; bold region (GCG¥ codon for G143 Reverse primer: underlined regien Sal
recognition sequence; italicized region (CTATT#A) tandem stop codons; bold region (AAFH codon for 12689 Forward primer: underlined
region= Ndd recognition sequence; bold region (GAA) codon for E249.

HPr—EIN transition state complex1() and the solution capricolumHPr (16), E. coli llA9< (19), andM. capricolum
structure of the HP+EIN complex (2) support the idea that 1A 9 (16) were purified as previously described.

the major interactions of HPr with EI involve interactions DNA Methods Construction of Expression Vectors. (A)
with the a-domain. Vector encoding EWHD) from M. capricolum pMC-EI

In our continuing studies of PTS proteinshih capricolum (20), a vector encoding EI fronM. capricolum was used
(3, 4, 13—-16), we experimentally tested the model that the as a template for two PCR reactions to amplify DNA
a-helical domain of El is necessary for interaction with HPr. encoding residues-124 of El (reaction 1) and residues 146
Evaluation of the binding and phosphotransfer capabilities through the end of the El sequence (reaction 2, see Table
of isolated subdomains froid. capricolumestablished the ~ 1). PCR products 1 and 2 were digested wiboR| and
requirement of thex-helical region for binding to HPr. ligated. The purified ligation product was then digested with

Enzyme | undergoes a monometimer association, but Ndé andSal and then ligated to the appropriately digested
EIN is a monomer17, 18). It has therefore been postulated Y&t PRE-His-Tag (), resulting in a construct encoding
that the carboxyl-terminal domain of EI (EIC) is the a His-tagged form of El missing tehelical domain. As a .
determinant of the associatioh8). The availability of the con_zequencg of :hg guf\;\?n rqﬁthOdglO?{H a phenillalaamne
cloned regions of El deficient either in tlehelical domain residue was inserted between the end of the firsheet an

[EI(AHD)] or in the amino-terminal domain (EIC) provided the remainder of thg protein (see Table l)_'
the possibility to explore the requirement of these segments (B) Vector encoding ERHD) from E. coli. pR6 (19), a
of the protein for the dimerization reaction and reconstitution VECtor encoding El fronk. coli, was used as a template for

of PTS activity in bothE. coli and M. capricolum two PCR reactions to amplify DNA encoding residues2lL
of El (reaction 1) and residues 144 through the end of the
EXPERIMENTAL PROCEDURES El sequence (reaction 2, see Table 1). PCR products 1 and

2 were digested witlspe and ligated. The purified ligation

Materials Oligonucleotides were synthesized using a productwas then digested wittdd andSal and then ligated
model 394 DNA/RNA synthesizer (Applied Biosystems). to the Ndd—Sal fragment of the vector pRE-His-Tag,
Restriction endonucleases and T4 DNA ligase were pur- resulting in a construct encoding a His-tagged form of El
chased from New England Biolabs and Boehringer Man- missing the a-helical domain. The recombinant DNA
nheim. Tryptophan was purchased from Bethesda Researctinethodology used resulted in a fusion in which K145 of El
Laboratories. J32P]ATP was purchased from NEN. Es- Was mutated to V (see Table 1).
sentially homogeneous preparationskofcoli EI (19), M. (C) Vector encoding HD fromM. capricolum pMC-El
capricolum EI (20), E. coli HPr (19), His-tagged M. was used as a template for a PCR reaction to amplify the
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region encoding residues 28945 of El. The PCR product  were dialyzed overnight in 10 mM+RQ,, pH 7.5, containing
was digested witiNdd and Sal and ligated to pRE-His- 100 mM KCl and 1 mM EDTA (buffer A). HPr concentra-
Tag, which had been digested with the same enzymes,tion in the syringe was approximately 3a01 and that of
resulting in a construct encoding a His-tagged form of the the proteins in the cel{ 1.4 mL) was about 3gM. Twelve
a-helical domain of El. or eighteen injections (15 or 20L) were used in each

(D) Vector encoding HD fronE. coli. pR6 was used as a experiment at a temperature of 250 such that the final
template for a PCR reaction to amplify the region encoding Molar ratio of HPr to the other protein was 2.3:1. For
residues 25143 of El (see Table 1). The PCR product was further Q(_etalls, see the Iggend to Table 2. Data analysis used
digested withNde and Sal and ligated to pRE-His-Tag, TC Origin software (MicroCal). .
which had been digested with the same enzymes, resulting Analytical UltracentrifugationA Beckman Optima model

in a construct encoding a His-tagged form of thdelical XL-A ultracentrifuge (Beckman Instruments, Inc.) equipped
domain of EL. with a four-place titanium rotor was used at either 4.0 or

20.0°C. Buffer densities were determined at 20:80.01
°C with an Anton Paar model DMA-58 densitometer. Prior
to ultracentrifugation, El fragments were dialyzed overnight

(E) Vector encoding EIN fronM. capricolum pMC-EI
was used as a template for a PCR reaction to amplify the

region encoding residues—268 of El (see Table 1). The against 1008 volumes of buffer containing 20 mM4RQ;,

PCR product was digested withdd and Sal and ligated 100 mM KCI. and 2 mM 2-mercaptoethanol. bH 7.5 (buffer
to pRE-His-Tag, which had been digested with the same B) (density ;at 20 0°C = 1.0057pg/mL). Pz,argial épécific

enzymes, resulting in a construct encoding a His-tagged formvolumes of 0.728 mL/g for wild-type EI without a His tag

of the N-terminal region of El. and 0.726 and 0.724 mL/g for AHD) and EIC with Met-

(F) Vector encoding EIC fronM. capricolum pMC-EI (His)s tags, respectively, were calculated from amino acid
was used as a template for a PCR reaction to amplify the compositions and the values of Zamyatrizdd)( Sedimenta-
region encoding residues 249 to the end of the El sequenceion equilibrium experiments utilized a carbon-filled, six-
(see Table 1). The PCR product was digested Witld and channel centerpiece in a 12 mm cell. Increasing concentra-
Sal and ligated to pRE-His-Tag, which had been digested tions of protein (0.100 mL/channel) havirgd.11, 0.24, and
with the same enzymes, resulting in a construct encoding a0.35 absorbances at 280 nm (1.2 cm light path) vs 0.110
His-tagged form of the C-terminal region of El. mL dialyzate buffer in reference channels were used. Global

(G) Vector encoding His-tagged EI froM. capricolum analysis for sedimentation equilibrium data using a reversible,
pMC-EI was digested witiNdd and Sal and the fragment ~ associating monomeiimer model was applied to data sets
encoding El was ligated to similarly digested pRE-His-Tag, obtained from radial scans at 0.001 cm (step mode) at 280
resulting in a construct encoding a His-tagged form of EI. nm for three concentrations of protein after 28, 32, 36, 40,

All the constructs were verified by DNA sequencing by and 44 h at the indicated speed. Baseline corrections were

the dideoxy method of Sanger et &21f using an Applied zero in all cases. Estimates of the fraction of aggregated

Biosystems automated sequencer. Plasmids were introduce tr)o_teln In t(;]el ETIE samplel were obta|r|1|ed frolmbal ?_‘:tﬂeqlt‘"
into aptsdeletion derivative oE. coli GI698 by electropo- forium model. These analyses as well as giobal htting fo
ration as described previouslg 7). various reversibly associating models for data obtained at

i o ) ) different concentrations and/or speed were performed with
Expression gnd Purification of Recombmant_ Proteins. sofware kindly provided by Allen P. Minton (NIDDK, NIH),
Transformants in GI698pts were grown as describe2) which can be downloaded from the following World Wide
to Asoo ~ 0.6, and then tryptophan was added to induce the \yep, site: http://www.bbri.org/RASMB/rasmb.html.
expression of the proteins. Induction was continued over-  cjrcular Dichroism.CD measurements were performed
night. The cells were then harvested and disrupted and theyith 5 jasco J-710 spectrometer as previously described using
supernatant solutions after centrifugation at 35D0&re a 0.02 cm water-jacketed cylindrical cell at 2C (16).
purified as previously described@) using Ni-NTA-agarose  gamples containing enzyme I (1.17 mg/mL; average residue
(Qiagen, 3 mL bed volume). The unadsorbed proteins wereyeight= 113.0), HD (0.95 mg/mL; average residue weight
washed off the column with 50 mL of buffer (50 mM Tris, _— 116.1), and EWHD) (1.04 mg/mL; average residue
pH 8.0, 300 mM NacCl), and the protein of interest was eluted weight= 112.7) were from the ITC studies in buffer A. EIC
from the column with 12 mL of the same buffer containing (1 10 mg/mL: average residue weight 114.2) was from
0.1 Mimidazole. The eluates were concentrated and dialyzedihe yjtracentrifugation studies in buffer B. Secondary struc-
against 25 mM Tris, pH 7.5, and then further purified by tra| components were calculated by the method of Yang et
FPLC chromatography on a MonoQ HR 10/10 column g (25) ysing software supplied by Jasco, Inc.
(Pharmacia), using the pH 7.5 Tris buffer and a gradient from Phosphorylation of I1Ac. Phosphotransfer fron#3P]PEP
0to 0.4 M NaCl. Fractions enriched in the protein of interest, 1o Hpr and 114'* was measured in a reaction mixture (10
as judged by SDSPAGE, were pooled and concentrated. | ) containing 100 mM TrisHCI, pH 7.5, 2 mM MgC}, 1
All the purified proteins were approximately 95% pure. m\ EDTA, 0.5 mM DTT, 1 mM pyruvic acid, 0.01 unit
Protein concentrations for HPr were determined by the pyryyate kinase (Boehringer-Mannheim), 0.2 mtPJATP
method of WaddellZ3). The concentrations of El fragments (220 cpm/pmol), and Lg each of the specified HPr, El
were determined by absorbance at 280 nm, 1 cm: for El gerjvative and IIA®. The combination of pyruvate kinase,
and EIAHD) = 0.400 cn¥/mg; for EIC = 0.475 en¥mg.  pyryvic acid, and PPJATP was used to generatép]PEP
Isothermal Titration Calorimetry.The titrations were in vitro. Incubation was at room temperature for 10 min.
performed in MCS-ITC and VP-ITC isothermal titration The mixture was then electrophoresed on an Sp&y-
calorimeters (MicroCal, Northampton, MA). All samples acrylamide gel (420% Trisglycine, Novex). The gel was
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Ficure 1: Model of enzyme | structure. The cartoon shows a working model for the structure of enzyme I. It was constructed by molecular
modeling, using Insight Il (Molecular Simulations, Inc., San Diego, CA), to create a fusion of EIN (using 1ZYM of the Brookhaven Protein
Data Base, shown in red and yellow, see text) to the PEP/pyruvate domain of PPDK (using 1DIK of the Brookhaven Protein Data Base,
residues 534874, shown in blue), The side chain of the active-site His189 is shown in magenta. Taehedidal domain corresponds

to the presumptive HPr binding region. The yellow domain contains the active-site. The blue domain corresponds to the presumptive
PEP-binding region.

stained with Coommassie Blue and dried. Autoradiography segment of Figure 1. The availability of the two structures
was carried out using Kodak XAR film. (5, 6, 10) allowed us to create a composite working structure

In Vitro Sugar Phosphorylatiomssays for PTS activity by molecular modeling. Thus, EINE( col)) was fused to
were carried out in vitro according to Zhu et al4j using the PEP/pyruvate domain of PPDK.(symbiosik This is
cell-free extract from TP281126) as a source of membrane- expected to correspond to some approximation of the actual
bound enzyme IIB€F. Reaction mixtures (50L) contained structure of El, although the precise relationship of the EIN
0.1 mM [C]methyl a-glucoside (5600 cpm/nmol); 2 mM  portion to the remainder of the molecule is not defined.
PEP; 100 mM TrisHCI, pH 7.4; 2 mM MgC}; 1 mM DTT;
10 uL of TP2811 cell-free extract described aboveidhof
HPr; 1 ug of Enzyme 114, and the indicated amounts of
El derivatives [as nanograms of full-length El or milligrams
of HD or EI(AHD)]. Tests of the activity conferred by EIN L - . : :
or EIC used( Sug ())]f those proteins. Rea)\/ction mixture{‘, were domaln_|s spe_C|aI_|zed for m_teractlon with HFS5)(One of
incubated at 37C for 20 min before and then 10 min after € Major objectives of this study was to evaluate the
the addition of radioactive sugar substrate and PEP. Thelmportance of thea-helical domain for its capability to
reaction rate was limited by the amount of El derivative associate with HPr. Consequently, modified forms of El
added to incubation mixtures. After incubation, the reaction deficient in thea-helical domain as well as the isolated
mixtures were processed for measurement of radiolabeledo-helical domain were prepared from bdgh coli and M.
sugar-phosphate production as describ&d)( capricolum(see Table 1).

An alignment of the amino terminal regions of EI from

RESULTS E. coliandM. capricolumis shown in Figure 2. The shaded
Construction of EI DomainsA cartoon representation of ~ '€gions correspond to thehelical domains (helices-34).

a model of the structure of El is shown in Figure 1. The As described in the Experimental Procedures and Table 1,
structure of the amino-terminal domain (EIN), represented "€combinant DNA constructs were made that were capable
as the red (presumptive HPr-binding domain) and yellow Of high-level expression of the isolateghelical domains
(active-site domain) segments of Figure 1Fofcoli El has (HD) as well as the protein deficient in the helical domain
been solvedy, 6), but that of the carboxyl-terminal domain [EI(AHD)] from both E. coli and M. capricolum The
has not. There is a high degree of homology between the Elproteins were expressed and purified (see Experimental
C-terminal domain and the PEP/pyruvate domain of PPDK, Procedures), resulting in products that were at least 95% pure
shown as the blue (presumptive PEP-binding domain) (see Figure 3).

A comparison of the fold of EIN to the phosphohistidine
domain of PPDK made clear a substantial similarity in the
two structures. However, since thehelical domain of EIN
is unique to that molecule, it was suggested thabttelical
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Ficure 2: Multiple sequence alignment of the N-terminal regions of enzyme | proteins Eroooli and M. capricolum The alignments

were constructed and highlighted using the DNADRAW program. The shaded region corresponda-twetival domain and the boxed
regions to each of the-helices angs-strands. The active-site histidine residue is shown in reverse shading. Genbank Accession numbers
for the sequences aie coli, M10425; M. capricolum U15110.

A B enthalpic difference for the HPr:El interaction with proteins
from M. capricolumandE. coliis probably due to structural
- - - El - differences in the proteins from the two sources.
- - = El(aHD) In contrast to the clear demonstration of an HPr-El
Elﬁ R interaction (Figure 4B), there is no detectable interaction of
HPr with EI(AHD) (Figure 4C). These data are consistent
) - - : :l"[‘: ’ : with the previous suggestiob,(12) that thea-helical domain

- of El is essential for the interaction with HPr.
The notion that the isolated-helical domain, by itself, is

- ) able to interact with HPr was tested (Figure 4D). The results
Ficure 3: SDS-PAGE of purified PTS proteins. SBSPAGE of

the purified proteins (approximatelydy) was performed using 4 clearly de.mc.mStrated that HD itself binds HPr. Thig for
to 20% gradient gels (NOVEX, San Diego). The gels were stained the association was, however, about 3-fold lower than that

with Coomassie blue. M indicates Mark 12 protein molecular weight for EI=HPr (~0.5 x 1° M~ vs 1.4x 10° M~ at pH 7.5,
stand_ards (NOVEX). (A) Lane numbers correspond to the following 25°C; see Table 2) and the heat of reaction was significantly
proteins: 1 and 6, El; 2 and 7, FAtD); 3 and 8, HD; 4 and 9, |ower than that observed for full-length EI. The stoichiometry

IIA9< 5 and 10, HPr. Lanes-45 correspond tdM. capricolum . .
proteins and lanes-610 areE. coli proteins. (B) Lane 1, EINN. was 1.4-1.7, suggesting that more than 1 equivalent of HPr

capricolun); lane 2, EIC M. capricolun). might bind to isolated HD.
A final titration in which HPr was injected into an
Interaction of HPr with EI DomainsThe idea that the  equimolar mixture of HD and EXHD) is shown in Figure
region of El associated with the binding of HPr is the 4E. The results were essentially the same as for the HD alone
a-helical domain was tested directly by isothermal titration (Figure 4D). This suggests that HD does not associate with

- — v = HPr

M 2 4 6 8 10 M M 2

calorimetry. A concentrated solution bf. capricolumHPr EI(AHD). Also, a titration experiment (data not shown) failed
was loaded into the injection syringe and added in incrementsto detect an association between HD andAEID).
up to a molar ratio of approximately 3 to variold. Since the association of HD with HPr was found to be

capricolumEl derivatives. (Figure 4). A control injection  considerably weaker(3-fold, see above) than with El, the
of HPr into the buffer (Figure 4A and Experimental possibility was considered that isolated HD unwinds, result-
Procedures) elicited no significant heat. As expected, HPring in loss of capability to interact with HPr. Consequently,
binding to ElI was detected (Figure 4B). The apparent some of theMl. capricolumproteins used in this study were
association constantKf) determined in three different examined by CD (Figure 5). The far UMCD spectra of El,
titrations was (1.3-1.6) x 10° M~! (see Table 2), which  EI(AHD), and EIC were essentially the same, and the
was similar toK), values previously reported®§) for the calculated helix content was from 50 to 55%. In contrast,
interaction ofE. coli El (1.1 x 10® M~1) or EIN (1.4 x 10° the isolated HD gave a different CD spectrum and the helix
M~1 ) with E. coli HPr. The measured stoichiometry of content was calculated to be 80%. Therefore, the weaker
binding of HPr to El was 0.9, consistent with a 1:1/HPr:El association of HPr with HD cannot be explained by loss of
complex formation, taking into account the error in deter- helices, although it cannot be excluded that the orientation
mining the HPr concentration (see Table 2). The heat of of the two helical hairpins with respect to one another may

binding of M. capricolumHPr to M. capricolumEl (AH = be different in HD compared to El. In fact, the stoichiometry
4300-4800 cal/mol) is lower than that previously reported of binding HPr ¢1) indicates that additional sites for HPr
for the interaction of. coli HPr with E. coli EI (6200 cal/ interaction with HD exist.

mol) or E. coli EIN (8760 cal/mol) 28) using the same pH Domain Requirements for El Dimerizatiomtact El is

7.5 phosphate buffer at 28C as in our experiments. The subject to a monomerdimer association29). The avail-
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Ficure 4: Titration of PTS proteins with HPr using VRTC. The binding ofM. capricolumHPr to variousM. capricolumEl fragments
was studied by isothermal titration calorimetry using the-\VPC at 25.0°C (see Experimental Procedures and Table 2). (A) Titration of
HPr into buffer; (B) titration of HPr into El; (C) titration of HPr into EAHD); (D) titration of HPr into HD; (E) titration of HPr into a
mixture of HD and EIAHD).

Table 2: Thermodynamic Parameters for Interaction of HPr with ElI 80 ' ! ' ' '
and El Fragments at pH 7.5 and 262 J— El
K, 0™ e E\(aHD) .
A = Y
proteins (1M~  AH(cal/mol)  n(mol/molp s

El° 14 4700 0.9 %

El 1.3 4800 0.9 E

Ele 1.6 4300 0.8 o

HD¢ 0.50 2800 14 3

HD® 0.51 3400 1.7 3

HD + EI(AHD)® 0.47 2200 1.5 N

HD + EI(AHD)® 0.31 4700 1.3 @

a|sothermal titration calorimetry experiments with capricolum
proteins were performed as described in Experimental Procedures.
Proteins were dialyzed against 10 mMRO,, 100 mM KCI, and 1 0

mM EDTA, pH 7.5. Errors in the fits of titration data fé€,, AH, and
nwere+9 x 10 M~%, £200 cal/mol, andt0.1, respectively? The
major source of error in this calculation involves the determination of
the concentration of HPr. For this reason, the concentration of HPr FiIcurRe 5. Far UV—CD spectra foM. capricolumenzyme | and

was determined in triplicaté.Eighteen injections at 16L. ¢ Twelve fragments. CD measurements were performed as described in
injections at 2QuL in the VP—ITC. ¢ Twelve injections at 2QcL in Experimental Procedures. The spectra shown are -Et~);

the MicroCal MCS. EI(AHD) (-++); HD (- - -), and EIC ().

it is not significantly influenced by temperaturelj.
ability of the collection ofM. capricolum El derivatives Dimerization constants (log,, = 5.1 at 20°C and 5.6 at 4
deficient in certain domains made it possible to evaluate the °C) for M. capricolumwere reported previouslyl6). El-
dependence on different parts of the structure for dimer (AHD) also shows a monomedimer association, which is
formation by sedimentation equilibrium studies (see Table not significantly affected by temperature (I&g = 6.5 at
3). Previous data oB. coli El indicated that dimer formation 20 °C and 6.9 at £C). The data indicate that removal of
was decreased at lower temperatu@d.(In the case oM. HD from El to give EIAHD) actually promotes dimerization
capricolumeEl, there is a monomerdimer association, but ~ with an approximately 10-fold increase in the subunit

T T T T
200 220 230 240 250

Wavelength (nm)
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Table 3: Sedimentation Equilibrium Studies bh CapricolumEnzyme | and Fragments (pH 725)

monomer T speed dimerization constaht
protein MP (°C) (rpm) log K}, (M monomer)*
enzyme 64 602 4.0 11 000 5%
20.0 11 000 54
enzyme | AHD) 51831 4.0 10000 6.2 0.3
20.0 10000 6.5 0.1
enzyme | C-terminal 38 027 4.0 12 000; 16 000 b 1°

domain

aSee Experimental Procedures for ultracentrifugation conditions and data anfalfisisomer molecular weights were calculated from amino
acid compositions; EX{HD) and EIC contained the His tag: Met(His} MonomerM; values were constrained during global, nonlinear least-
squares fitting procedures. In all cases, the fitted concentration gradieNisRj gave random distributions of residuals which were-0.01
absorbance units. Standard errrors for kjgvalues were calculated from four to five different data sé®his set of data was from réf6 and is
presented for purposes of comparison. The El used in this study was not His-taggedzIC protein sample containedl% of a nonequilibrium

aggregate.
- e e - El -
PK =T =e @ -—ElaHD)—- x “
B

A
T — e e e e e - A%~ S -
—— — — HD -
- HPr —

2 4 6 8
- El - =
K T C e e ~—E(@HD) - ® “
D
R - -

Ficure 6: Phosphotransfer studies with PTS proteid®?]JPEP was generated during reactions frort3P]ATP and pyruvate kinase.
Phosphotransfer reactions were performed as described in Experimental Procedures. Lane 1, control, no added enzyme | fragment; lane 2,
El; lane 3, EIAHD); lane 4, HD; lane 5, HDt+ EI(AHD); lane 6, EIAHD) (4 ug); lane 7, HD (4ug); lane 8, EIAHD) + HD, both at

4 ug. Panels A and B show the data with proteins frivincapricolumand panels C and D show the data with proteins fiencoli. The

E. coli EI was not His-tagged, while all the other El derivatives were His-tagged.

association constant (see Table 3). Since it has been observed EI(AHD) is autophosphorylated by PEP but is incapable
that EIN is monomeric X7, 18), it was suggested that the of phosphoryl transfer to HPr (lane 3). As a result, only the
capacity for dimerization of El resides in EIQ8). The EI(AHD) protein, but not HPr or [IA°, becomes radioactive
availability of purified EIC fromM. capricolumallowed us (Figure 6, lane 3 of panels B and D). These results are
to determine if the isolated EIC domain dimerizes (see Table consistent with the findings from isothermal titration calo-
3). A sedimentation equilibrium experiment at@ showed rimetry which showed no association of BRFID) with HPr

that at 6uM subunit concentration, for example, essentially (panel C of Figure 4).

all of EIC is dimeric with<1% monomer and-1% of an HD is completely inactive as a phosphoryl acceptor since
aggregated species present (Table 3). The results indicatét does not contain the active-site His residue; consequently,
that EIC self-associates with a higher affinity constant than HD by itself does not promote phosphoryl transfer (Figure
El or EI(AHD). Consequently, the EIN portion of El appears 6, lane 4 of panels B and D).

to diminish the potential of El to dimerize. A series of tests designed to recognize a reconstitution of

Reconstitution of Phosphotransfer Adty. The capability phosphotransfer activity by mixtures of HD and AHD)
of EI(AHD) to become phosphorylated by PEP and partici- were performed (lanes -8). When reaction mixtures
pate in phosphoryl transfer to HPr in the presence of HD contained Jug of each protein, only a trace of 1#8became
was tested in vitro using purified proteins (see Figures 3 and labeled (Figure 6, lane 5 of panels B and D). However,
6). The reaction conditions were set up such that the molarincreasing the concentration of the protein fragments 4-fold
concentration of IIA° was approximately 5-fold higher than resulted in a significant reconstitution of phosphotransfer
that of El. Consequently,PlIIA9¢ accumulated and was in  activity (Figure 6, lane 8 of panels B and D). However, the
equilibrium with HPr. Experiments were carried out with extent of labeling of 11A° was substantially less than that
proteins from both\M. capricolum(Figure 6, panels A and  observed with El (lane 2), suggesting only a weak association
B) andE. coli (Figure 6, panels C and D). between HD and EXHD).

As expected, El is able to both accept and transfer a In vitro phosphorylation of methyk-glucoside from $2P]-
phosphoryl group derived from PEP (Figure 6, lane 2). PEP, under conditions where El is limiting, provided a basis
Consequently, label appears in El, HPr, and®f Af Figure for a quantitative comparison of the phosphotransfer activity
6, panels B and D. of El and the mixture of HD and EXHD) (Figure 7). The
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extract fromE. coli TP2811 as a source of membrane-bound enzymedtBThe activity with limiting amounts of EI&) is compared to
that with saturating amounts of HD () titrated with various amounts of AHD) (®) or saturating amounts of AHD) (5 Q) titrated

with various amounts of HDI). Panel A shows the data using purified proteins figimcapricolumwhile panel B shows the data using
purified proteins fronE. coli (see Figure 3). Th&. coli EI was not His-tagged, while all the other EI derivatives were His-tagged. Inset:
sugar phosphorylation activity using EIN, EIC, or a mixture of EIN and EIC as a source of the EI component.

experiments were carried out with purified proteins from both
M. capricolum (Figure 7A) andE. coli (Figure 7B). An
extract of aApts strain of E. coli was used as a source of
membrane-associated 11BE(26) for both studies.

For EI (triangles), a concentration range from 2 to 8 ng
for M. capricolum(panel A) and 46-80 ng forE. coli (panel

participate in phosphotransfer to HPr. The protein is of
relatively high molecular mass-©4 kDa) and has multiple
domains. Another feature of the enzyme involved in control-
ling its activity is its capability to associate to form dimers
(1, 29).

Proteolysis experiments have established the overall

B) produced an approximately linear response in the sugarstrycture of El to be composed of a relatively compact amino-
phosphorylation assay. In another set of experiments, HD terminal half linked to a proteolytically sensitive carboxyl-

was kept constant at bg/assay, and the concentration of
EI(AHD) was varied up to &g/assay (circles). Similarly, a
series of tests was carried out in which AHD) was
maintained at Sg/assay and the concentration of HD was
varied up to 5ug/assay (squares). The results show that
phosphotransfer to methgl-glucoside is reconstituted but
that intactM. capricolumEl is approximately 1000 times as
effective and intack. coli El is approximately 100 timés

as effective as the mixture of the two fragments. Either
fragment alone is essentially inactive.

The inset to Figure 7A shows data for reconstitution of
PTS activity by a mixture of EIN and EIC fronM.
capricolum using 5ug of each component per assay. While
neither EIN nor EIC alone catalyzed sugar phosphorylation,
the mixture of the two proteins exhibited significant activity.
However, the activity seen in the EHEIC reconstitution
was approximately 5% of that observed using similar
concentrations of HD and EAHD).

DISCUSSION

El is the first protein in the phosphotransfer cascade of
the PTS. It is required to not only interact with and be
autophosphorylated by PEP but also to interact with and

2The preparation dE. coli El used showed considerable aggregation.

We estimate that approximately 10% was not aggregated [compare

Figure 5, lane 2 of panels AM. capricolun) and C E. coli)].
ConsequentlyE. coli El is probably also 1000 times as effective as
the mixture of the two fragments.

terminal half 81, 32). Up to this time, it has not been possible
to deduce the 3-D structure of El. However, the compact
amino-terminal half, EIN, has been amenable to such
analysis. Solution and X-ray structures of EI& 6) have
demonstrated the presence of two subdomainsoih
domain and awn-domain. Thex/-domain has a similar fold

to that of the phospho-histidine domain of PPDIKO),
suggesting that this region plays a role in the autophospho-
rylation reaction. Since the presence of thkelomain and
the capability to interact with HPr are unique to EIN, it was
proposed that the-domain is specialized for the interaction
with and phosphotransfer to HPr.

The structure of PPDK1() showed a region associated
with dimer formation that was homologous to EIC. This is
consistent with our findings thal. capricolumEIC dimer-
izes. The analysis of the variety of constructs described here
by ultracentrifugation has permitted us to establish that EIC
dimerizes more effectively than EI. It may be that a more
physiologically meaningful distribution of monomers and
dimers is effected by the complete structure of El since PTS
activity of the reconstituted mixture of EIN and EIC is
considerably less than that of intact El (see Figure 7). It has
been suggested that modulation of the monerdéner ratio
in El may be a regulatory mechanis9j.

The availability of the structure of EIN together with
sequence similarity of EIC to the PEP/pyruvate domain of
PPDK, which is ano/f barrel (0), has allowed us to
formulate a tentative working model for the structure of El,
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shown in Figure 1. Until a 3-D structure of El is available,
however, the details of the spatial relationship of EIN to EIC
are uncertain.

Both molecular modelingl) as well as NMR analysis
of the HPrEIN complex (2) have provided strong evidence
for the interaction of HPr with EIN primarily by an all-helical
interface involving the helical domain of EIN and helices 1
and 2 of HPr 12). The present work has extended and
confirmed these studies by examining the capability of
isolated regions of El to function independently in the
interaction with HPr. In this regard, a recombinant DNA
approach was used to generate purified preparations of HD
and EIAHD) for activity testing.

ITC experiments clearly established that HD binds HPr
and, conversely, elimination of HD from the El structure
[EI(AHD)] causes the loss of HPr binding (see Table 2 and

EIN (5, 6) will allow for a prediction of the complete three-
dimensional structure of El.

In summary, these studies have unequivocally established
the importance of the helical subdomain of the amino-
terminal domain of El for the interaction with HPr. The
covalent linkage of HD to Ei{HD) accomplishes an increase
in the phosphotransfer potential of approximatley 1000-fold.
This probably explains the evolution of the tethering of HD
to EI(AHD) resulting in the multifunctional EI.
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