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The solution structure of the second protein—protein
complex of the Escherichia coli phosphoenolpyruvate:
sugar phosphotransferase system, that between histi-
dine-containing phosphocarrier protein (HPr) and
glucose-specific enzyme IIAGlucose (JTAGK), has been
determined by NMR spectroscopy, including the use of
dipolar couplings to provide long-range orientational
information and newly developed rigid body minimiz-
ation and constrained/restrained simulated annealing
methods. A protruding convex surface on HPr inter-
acts with a complementary concave depression on
ITAG, Both binding surfaces comprise a central
hydrophobic core region surrounded by a ring of
polar and charged residues, positive for HPr and
negative for ITAC!, Formation of the unphosphoryl-
ated complex, as well as the phosphorylated transition
state, involves little or no change in the protein back-
bones, but there are conformational rearrangements
of the interfacial side chains. Both HPr and IIAGlc
recognize a variety of structurally diverse proteins.
Comparisons with the structures of the enzyme I-HPr
and ITAGl_glycerol kinase complexes reveal how
similar binding surfaces can be formed with under-
lying backbone scaffolds that are structurally dissimi-
lar and highlight the role of redundancy and side
chain conformational plasticity.

Keywords: E.coli PEP:sugar PTS/glucose-specific
enzyme ITACUcose/histidine-containing phosphocarrier
protein/NMR

Introduction

The phosphoenolpyruvate:sugar phosphotransferase sys-
tem (PTS) of bacteria, first discovered in Escherichia coli
over 35 years ago (Kundig et al., 1964), is a classical
example of a signal transduction pathway involving
phosphoryl transfer. Specifically, the transfer of a
phosphoryl group originating on phosphoenolpyruvate
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(PEP) and ending on a sugar molecule occurs via a series
of phosphoprotein intermediates involving an associative
pathway in which successive protein—protein complexes
between phosphoryl donor and acceptor molecules are
formed (Herzberg and Klevit, 1994; Postma et al., 1996).
The initial cascade involves a common pathway in which
enzyme I (EI), autophosphorylated by PEP at His189 (in
E.coli), transfers the phosphoryl group to His15 (in E.coli)
of the histidine-containing phosphocarrier protein (HPr).
The phosphoryl group associated with HPr is then
available for transfer to a variety of sugar-specific IIA
proteins. In addition to their role in sugar transport,
proteins of the PTS pathway also function as regulatory
factors (Postma et al., 1996). Thus, dephosphorylated HPr
functions as a positive regulatory subunit of glycogen
phosphorylase (Seok et al., 1997), while dephosphorylated
ITAGlueose (JTACIC) is a negative regulator of glycerol kinase
(Novotny et al., 1985), as well as a variety of non-PTS
permeases (Postma et al., 1996). In addition, phosphoryl-
ated ITASI is a positive regulator of adenyl cyclase activity
(Peterkofsky et al., 1993). Crystal and solution NMR
structures of individual components of the PTS pathway
have been solved. These include: the N-terminal phos-
phoryl transfer domain of E.coli EI (EIN) (Liao et al.,
1996; Garrett et al., 1997a), HPr from a variety of species
(Herzberg et al., 1992; Wittekind et al., 1992; Jia et al.,
1993; Kalbitzer and Henstenberg, 1993; van Nuland et al.,
1994, 1995; Jones et al., 1997), IIAC! (also referred to as
II16%) from a variety of species (Liao et al., 1991;
Worthylake et al., 1991; Fairbrother et al., 1992; Hurley
et al., 1993; Feese et al., 1997; Huang et al., 1998), [IAMan
(Nunn et al., 1996), IIAL* (Sliz et al., 1997) and IIAM!
(van Montfort et al., 1998), IIBS! (Eberstadt et al., 1996),
IIBCe! (Ab et al., 1997; van Montfort et al., 1997) and
IIBLeY (Schauder et al., 1998). In contrast, only one
protein—protein complex from the PTS pathway has been
elucidated to date, namely that between E.coli EIN and
HPr by NMR (Garrett et al., 1999). In this paper we
present the NMR structure of the second complex in the
glucose-specific arm of the PTS cascade, that between HPr
and ITAS* of E.coli.

Results and discussion

Structure determination

The HPr-IIAS complex is in fast exchange on the
chemical shift time scale and the lower limit for the
dissociation rate constant (as judged by the maximum
observed 'Hy chemical shift difference between the free
and bound states) is ~3000 s~!. The equilibrium associ-
ation constant for the binding of HPr to IIAS', determined
by following the "H-'SN cross-peaks of 'SN-labeled ITAS'*
upon titration with unlabeled HPr, is ~10° M1, consistent
with previous biophysical measurements (Jablonski et al.,
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Fig. 1. Intermolecular NOEs. 2D "N-filtered/!3C-separated NOE spectra (120 ms mixing time) recorded on (A) a 1:1 HPr('’N)-IIACk(13C) complex
and (B) a 1:1 HPr('3C)-TIAC(15N) complex, specifically illustrating intermolecular NOE contacts from protons attached to '3C (F; axis) to amide
protons attached to N (F, axis). Residues from HPr are denoted in italic. Intermolecular NOEs were assigned with the aid of complementary 2D
I5N-separated/!3C-filtered and '’N-filtered/!3C-filtered NOE spectra. Note that the aromatic 3C resonances are folded.

1983). The solution structure of the HPr-ITAS" complex
was solved by multi-dimensional heteronuclear NMR
spectroscopy. A combination of isotopically ('’N and/or
13C) labeled proteins was used to simplify the spectra for
assignment purposes and to specifically observe inter-
molecular nuclear Overhauser enhancement (NOE) con-
tacts between HPr and ITAS (Clore and Gronenborn,
1998a). Intermolecular NOEs were detected using
four samples: HPr(1SN/13C)-IIAC!, HPr—IIAS(ISN/13C),
HPr(13C)-ITAC(15N) and HPr(13N)-ITAC(13C). Examples
of the data quality are provided in Figure 1, which shows a
complementary set of 2D !’N-filtered/!3C-separated NOE
experiments illustrating intermolecular contacts between
protons attached to '’N on one protein and to '3C on the
other. Other experiments used to identify intermolecular
NOE contacts comprised 2D BC-filtered/!’N-separated
and '3C-filtered/">N-fillered NOE spectra and 3D
13C-separated/!>C-filtered NOE spectra.

The structure of the complex was calculated using the
recently described procedure of rigid body minimization
(Bewley and Clore, 2000; Clore, 2000), followed by
constrained/restrained simulated annealing to refine the
interfacial side chain positions and fine tune the relative
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orientation of the two proteins. In this approach, the
intermolecular NOE distance restraints and dipolar
couplings provide the necessary translational and orient-
ational information to dock two proteins accurately,
providing that no significant changes in the backbone of
either protein occur upon complexation. In the case of both
E.coli HPr and ITASY, high resolution crystal structures
(1.5 and 2.0 A resolution, respectively) are available for
the free proteins (Jia ef al., 1993; Feese et al., 1997). A
comparison of the one-bond 'N-H backbone residual
dipolar couplings (!Dyy) measured on the complex (77 for
HPr and 118 for ITACY) in a dilute liquid crystalline
medium of tobacco mosaic virus (Clore et al., 1998a) with
those calculated from the free X-ray structures by
optimization of the magnitude and orientation of the
alignment tensor yields dipolar coupling R factors (Rgip)
(Clore and Garrett, 1999) of 16.7 and 15.0% for HPr and
IIACK, respectively. [Note that the X-ray structure of
ITASe comprises residues 19-168; residues 1-18 are
disordered in the crystal structure of the free protein
(Worthylake et al., 1991; Feese et al., 1997), in the free
protein in solution (Pelton er al., 1991) and in the
HPr—ITIACk complex in solution as judged by the absence



of any non-sequential NOEs.] Thus, one can safely
conclude that no significant changes in backbone con-
formation occur upon complexation. This is further
supported by the small 'Hy and N chemical shift
differences and nearly identical intramolecular NOE
patterns between the free and bound states of the two
proteins.

The structure calculation involves a two step procedure.
(To facilitate discussion, residues of HPr are denoted in
italic.) The starting coordinates come from the X-ray
structures (with protons added) of E.coli HPr (Jia et al.,
1993) and ITAS* (Feese et al., 1997) in several different
orientations with the Co—~Co distance between the active
site histidines (His/5 of HPr and His90 of IIAS) ranging
from 28 to 95 A, including orientations where the two
active site histidines are not opposed and where HPr is
directed towards the face of IIAC!® opposite to the ITAC!e
active site. The first step involves rigid body minimization
on the basis of a target function comprising only three
terms: the experimentally NOE-derived intermolecular
interproton distance restraints, the dipolar coupling
restraints and a simple quartic van der Waals repulsion
potential. This system has only 9 degrees of freedom since
one of the molecules (ITAS¥®) is held fixed, the other
molecule is free to rotate and translate (6 degrees of
freedom) and the axis for the single dipolar coupling
alignment tensor is free to rotate (3 degrees of freedom). In
all cases, convergence to a single structure is obtained with
an experimental data set comprising 74 intermolecular
NOE-derived interproton distance restraints and 195
!Dni dipolar  coupling  restraints. The intermolecular
van der Waals contacts in this structure, however, are
very poor since the interfacial side chains have not been
allowed to move in any way and, consequently, steric
clash is inevitable. In the original paper (Clore, 2000),
steric clash was relieved by subjecting the coordinates to
conventional Cartesian coordinate constrained/restrained
minimization in which all the coordinates were held fixed
with the exception of the interfacial side chains (from the y
position onwards). In this case, however, some side chains
alter their conformations significantly. For example, the
rotamer of Phe48 of HPr changes from gauche™ (g™) in the
crystal structure of the free protein to trans () in the
complex (determined by the measurement of three-bond
heteronuclear *Jycy and 3Jccy spin—spin coupling con-
stants). In the second step we therefore made use of an
alternative procedure with a much larger radius of
convergence, which we term constrained/restrained simu-
lated annealing. Only the interfacial side chains are
allowed to alter their conformation; the backbone and
non-interfacial side chains of one molecule (ITASL) are
held completely fixed; the second molecule (HPr) can
rotate and translate but the relative coordinates of its
backbone and non-interfacial side chains are held fixed by
the use of a non-crystallographic symmetry restraint to a
duplicate molecule. This ensures that the atomic root mean
square (r.m.s.) difference between the structure of HPr in
the complex and that in the crystal structure of free HPr is
maintained at <0.05 A for the backbone and non-
interfacial side chains and at <0.015 A for the backbone
N and HN atoms. The target function (Clore and
Gronenborn, 1998b) for constrained/restrained simulated
annealing comprises terms for covalent geometry, non-
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bonded contacts (in the form of a quartic van der Waals
repulsion term and a conformational database potential of
side chain torsion angles; Kuszewski and Clore, 2000), a
non-crystallographic symmetry constraint, NOE, dipolar
coupling (Clore et al., 1998c) and interfacial side chain
torsion angle restraints and a radius of gyration restraint
(Kuszewski et al., 1999). In addition to the intermolecular
NOEs, 12 intramolecular NOEs relating to HisI5 and
Argl7 of HPr were also included. The radius of gyration
restraint is employed to ensure optimal packing of the
interface and its target value is calculated using the
formula 2.2N°3%, where N is the number of ordered
residues [i.e. Ry (target) = 17.5 A for 235 residues, 85
from HPr and 150 from IIAS®] (Kuszewski et al., 1999).
The force constant for the Ry, term is rather weak and the
value of Ry, actually attained is 17.7 A. After cooling, the
structures were subject to a few cycles of constrained/
restrained Cartesian coordinate minimization, followed by
a few cycles of rigid body minimization.

To assess the accuracy of the determination of the
relative orientations of HPr and IAC°, two sets of
calculations were carried out using cross-validation
(Clore and Garrett, 1999) in which the dipolar couplings
were partitioned into two groups (A and B) of equal size,
evenly distributed throughout the two proteins. In the first
series of calculations, group A was employed as the work
set and group B as the test set, while in the second series of
calculations the allocation was reversed, with group B
functioning as the work set and group A as the test set. In
this manner, a working dipolar coupling R factor,
Rgip(work), and a cross-validated one, Rgyip(free), can be
obtained. In both sets of calculations the values of
Rgip(work) and Rg;,(free) are comparable (Table I) and
the atomic r.m.s. difference between the mean structures
for the two sets of calculations (comprising 15 structures
each) is 0.09 A for the backbone atoms and 0.11 A for all
atoms, which is well within the precision of the
coordinates (0.13 A for backbone atoms and 0.25 A for
all atoms). In addition, the values of Ry, for the complex
(calculated for a single alignment tensor) are comparable
to those of the free X-ray structures (calculated from
individual alignment tensors). One can therefore conclude
that the quality of the fit to the experimental dipolar
coupling data is good, that the dipolar coupling data have
not been overfitted and that the accuracy with which the
orientation of HPr and ITAS in the complex has been
determined is high.

An even more stringent test of quality is provided by
calculations carried out in the absence of any dipolar
coupling restraints. The backbone r.m.s. difference
between the restrained minimized mean structures from
the ensembles calculated with and without dipolar coup-
lings is only 0.06 A and the values of Rg;, for the mean
structure obtained without dipolar couplings (17.8% for
HPr and 15.2% for IIAS*) are only marginally higher than
for the mean structure calculated with dipolar couplings
(16.9% for HPr and 15.2% for IIAS!). Thus, in this case
the intermolecular NOE data alone is sufficient to
determine the orientation of the two proteins correctly.
The availability of dipolar couplings, however, provides
considerable increased confidence in the resulting struc-
ture because the nature of the NOE and dipolar coupling
data are so different (Clore, 2000).
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Table I. Structural statistics?

<SA> (SA)yr
R.m.s. deviation from distance restraints (A)b
intermolecular interproton distances (74) 0.073 = 0.011 0.061
intramolecular interproton distances (12)¢ 0.033 + 0.027 0.000
intermolecular salt bridge restraints (8)4 0.020 = 0.023 0.023
R.m.s. deviation from torsion angle restraints (°) (61)° 0.19 = 0.07 0.16

R factors for residual dipolar couplings (%)°

set 1 Rgip(work)/Ryp(free)
HPr (39/38)
IIA (59/59)

set 2 Ryip(Work)/Ryip(free)
HPr (38/39)
ITA (59/59)

overall Ry,
HPr (77)
ITA (118)

Measures of structure quality®
intermolecular repulsion energy (kcal/mol)
intermolecular Lennard-Jones energy (kcal/mol)

Coordinate precision (A)&
backbone (N, C,, C, O)
interfacial side chains

15.8 £ 0.1/18.1 = 0.1
145 £ 0.1/15.8 = 0.1

17.6 £ 0.2/16.2 = 0.1
145 £ 0.1/15.8 = 0.1

16.9

15.2

0.09 = 0.16 0

34 £ 2 -33
0.13
0.77

aThe notation of the NMR structures is as follows: <SA> is the final 30 simulated annealing structures; (SA)r is the restrained regularized mean
structure generated as described in the text. The number of terms for the various restraints is given in parentheses.

PNone of the structures exhibited interproton distance violations >0.5 A or torsion angle violations >5°.

¢The intramolecular interproton distance restraints relate specifically to intramolecular NOEs involving His/5 and Argl7 of HPr.

dAmbiguous distance restraints, represented by a (£r%)~1/6 sum with an upper bound of 5.5 A, were included in the final stages of refinement for
potential salt bridges identified using the criteria described (Omichinski et al., 1997).

°The dipolar coupling R factor is defined as the ratio of the r.m.s. deviation between observed and calculated values to the expected r.m.s. deviation if
the vectors were randomly oriented. The latter is given by {2D,2[4 + 3R?]/5}'2, where D, is the magnitude of the axial component of the alignment
tensor and R the rhombicity (Clore and Garrett, 1999). The values of D, and R for the !Dyy dipolar couplings, obtained directly from the powder
pattern distribution of the measured dipolar couplings (Clore et al., 1998b), are —14.9 Hz and 0.2, respectively. For reference, the dipolar coupling R
factors for the free X-ray structures of HPr and ITAC! are 16.7 and 15.0%, respectively, the R factors for group A are 16.6 (39 dipolar couplings for
HPr) and 14.2% (59 dipolar couplings for IIAS'), respectively, and for group B 16.9 (38 dipolar couplings for HPr) and 15.8% (59 dipolar couplings
for ITACk), respectively.

fThe intermolecular repulsion energy is given by the value of the intermolecular quartic van der Waals repulsion term calculated with a force constant
of 4 kcal/mol/A? and a van der Waals radius scale factor of 0.8. The intermolecular Lennard-Jones—van der Waals energy is calculated using the
CHARMM19/20 parameters and is not included in the target function employed in the structure calculations. The percentages of residues present in
the most favorable region of the Ramachadran plot (Laskowski et al., 1993) are 93 and 89% for the X-ray structures of HPr (1POH) and ITAS'
(molecule 2 of 2F3G), respectively.

&Defined as the average r.m.s. difference between the final 30 simulated annealing structures and the mean coordinates. The value quoted for the
backbone atoms provides only a measure of the precision with which the relative orientation of the two proteins have been determined and does not

take into account the errors in the X-ray coordinates of HPr and ITACc,

A summary of the structural statistics is provided in
Table I and stereoviews of superpositions of the structures
are shown in Figure 2.

Overall description of the HPr-lIAC' interface

A ribbon diagram representation of the E.coli HPr—ITIAS*
complex is shown in Figure 3 and a summary of the
quantitative structural characteristics (Jones and Thornton,
1996) of the interface is provided in Table II. HPr is an o/f3
open faced sandwich protein consisting of three helices on
one side of the molecule and a four-stranded antiparallel
B-sheet on the other. Escherichia coli 1IAS* is a
predominantly B-sheet sandwich protein comprising six
antiparallel B-strands on either side of the molecule. The
binding sites are close to circular and complementary in
shape. The IIAC! binding surface on HPr is convex and
comprises helices ol and 02, together with residues
immediately N- and C-terminal to these two helices,
consistent with previous chemical shift mapping (Wang
et al., 2000). The HPr binding surface on IIAC, on the
other hand, is concave and formed by four strands (35, 6,
7 and B10) of the six-stranded antiparallel B-sheet (35,
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36, B7 and 10, B3, B2), bounded on three sides by a short
a-helix and two short, distorted 3!0 helices. There are a
total of 41 residues at the interface, 18 from HPr and 23
from IIAS. The total accessible surface area (ASA)
buried at the ianterface of the two proteins is ~136§ A2, of
which ~735 A? originates from HPr and ~630 A? from
IIACle,

A detailed view of the interface between HPr and ITAS
is shown in Figure 4A, a summary of the contacts is
provided in Figure 5 and surface representations of the
interface are displayed in Figure 6C and D (HPr residues in
italic). The active site histidines, HisI5 and His90, are
located at the top edge of the binding site in the views
shown in Figures 4A and 6C and D. The central portion of
each binding surface is predominantly hydrophobic,
consisting in the case of HPr of the methyl groups of
Thri16, Ala20, Val23 and Leu47 and the aromatic ring of
Phe48, and in the case of IIAS' of a ring of three
phenylalanine residues, Phe41, Phe71 and Phe88, inter-
spersed by three valines, Val40, Val46 and Val96. Phe48
of HPr is in direct contact with the backbone of strands 6
and B7 of IIAS'"® and is located between the hydrophobic
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Fig. 2. The structure of the E.coli HPr—ITAS® complex. Three sets of superpositions are shown. (A) The structures are best fitted to all the backbone
atoms; the backbone and side chains of HPr are shown in green and magenta, respectively, and the backbone and side chains of IIAC! are shown in
blue and red, respectively. (B) The structures are best fitted to the backbone atoms of ITAS only. (C) The structures are best fitted to the backbone
atoms of HPr only. The latter two superpositions illustrate the precision with which the orientation of one molecule is determined relative to the
other. Residues from HPr are denoted in italic. The axis of the alignment tensor is shown at the bottom of the figure.

portions of the side chains of Ser78, Glu80, Glu86 and
Phe88. The central hydrophobic patch is surrounded in
both cases by polar and charged residues. The latter are
entirely positively charged in the case of HPr and
negatively charged in the case of IIAC. There are several
electrostatic interactions at the interface (Figures 4A and
5) that were identified using criteria described previously
(Omichinski et al., 1997). These include hydrogen bond-
ing and ion pair interactions between the guanidino group
of Argl7 and the carboxylates of Asp38/94 (which were
also predicted by molecular modeling of the related
Bacillus subtilis complex; Herzberg, 1992), the side chains
of Asnl2 and Glu97, the side chains of GIn51 and Ser78,

and the backbone carbonyl of Leu53 and the side chain of
Lys69. In addition, there are potential salt bridges between
Lys27 and Aspl44 and between Lys49 and Glu80/86.

The transition state and phosphoryl transfer

HPr and ITAS' are phosphorylated at the N&1 atom of
Hisl5 and Ne2 atom of His90, respectively (Meadow and
Roseman, 1982; Weigel et al., 1982; Pelton et al., 1992,
1993; van Nuland et al., 1995; Jones et al., 1997). In the
unphosphorylated HPr-IIAS* complex the Co~Co. and
N 51:N82 distances between His15 and His90 are 11.5 and
8.0 A, respectively. Long-range 'H-!5N correlation experi-
ments confirm that His/5 is in the Ne2-H tautomeric state
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Fig. 3. Ribbon diagram showing two views of the E.coli HPr—IIAS!® complex. HPr is in green, IIAS'® in blue and the location of the active site
histidines, HisI5 of HPr and His90 of ITAC, is indicated. Residues from HPr are denoted in italic. The secondary structure elements in the

vicinity of the interface are indicated.

Table II. Comparison of overall features of the interfaces of the EIN-HPr, HPr—IIAS® and ITAC—glycerol kinase complexes

Interface parameter EIN-HPr HPr-1IAClk IMAS-GK
ASA buried at interface (A2)2P 950/995 735/630 615/690
No. of residues at interface® 21/23 18/23 17/16
Polar atoms in interface (%)?* 35 42 40
Non-polar atoms in interface (%)* 65 58 60
Electrostatic interactions 11 8 6

Gap index (A)* 2.1 2.5 2.9
Planarity (A)? 2.7 2.5 1.9
Circularity®® 0.82/0.90 0.77/0.82 0.76/0.72
Secondary structure® o/o /o o,flo

aThese parameters were calculated using the program suite provided by the University College Protein—Protein Interaction Server (http://www.
biochem.ucl.ac.uk/bsm/PP/server) as described (Jones and Thornton, 1996). The gap index, which is a measure of complementarity of the two
partners, is given by the ratio of the gap volume between the molecules to the ASA buried at the interface; the circularity of the interfaces is
calculated from the ratio of the length of the principal axes of the least squares plane through the atoms in the interface.

PThe first and second numbers refer to the first and second proteins, respectively, listed for each complex.

while His90 is in the N&1-H tautomeric state, as observed
for the free proteins (van Dijk et al., 1990; Pelton et al.,
1993). Since the phosphorylated state of the complex is
short lived, it is not amenable to NMR structure deter-
mination. However, the transition state can readily be
modeled from the structure of the unphosphorylated
complex since it is known from isotope labeling experi-
ments that odd and even numbers of phosphoryl transfer
steps result in inversion and retention, respectively, of the
configuration of the phosphorus (Begley et al., 1982).
These data are indicative of a transition state involving a
pentacoordinate phosphoryl group in a trigonal bipyrami-
dal geometry, with the donor and acceptor atoms in apical
positions and the oxygen atoms lying in the equatorial
plane. The covalent P-N bond length is 1.78 A for a
phosphoamide (MacGillavry and Rieck, 1962) and the
sum of the van der Waals radii of P (1.9 A) and N (1.5 A)
is 3.4 A. Thus, any P-N distance between 1.78 and 3.4 A
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would indicate partial bonding. The actual distance
between NO1(Hisl5) and Ne2(His90) in the transition
state depends on the exact mechanism of phosphoryl
transfer, and specifically how associative it is. If fully
dissociative, the distance would be 2 X 3.4 A = 6.8 Ac; if
fully Oassociative, the distance would be 2 X 1.78 A =
3.56 A. For an Sn2 mechanism (i.e. 50% associative with
a bond order of 0.5), the distance would be 2 X 1.96 =
3.92 A, where the value of 1.96 comes from Pauling’s
equation D(n) = D(1) — 0.6 logn, where n is the bond
order and D(1) is a single bond length. Current data
comparing linear free energy relationships for non-
enzymatic and enzymatic phosphoryl transfer reactions
suggest that, in the case of alkaline phosphatase at least,
the transition state has substantial dissociative character
(Hollfelder and Herschlag, 1995).

To model the transition state, we therefore proceeded
along similar but not identical lines to those described in
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Fig. 4. HPr—IIAS' interactions in the unphosphorylated complex and in the transition state. (A) Stereoview of the unphosphorylated HPr-IIACl
interface. The backbones of HPr and ITACk, depicted as ribbon diagrams, are shown in blue and light green, respectively, the side chains of HPr

and TTAC" are shown in dark green and red, respectively, and the active site histidines (His/5 of HPr and His90 of ITAC¥) are depicted in purple.

(B) Detailed view around the active site histidines, illustrating the backbone and side chain positions in the unphosphorylated complex, the
dissociative transition state and the associative transition state. The color coding is the same as in (A) except that the active site histidines and
pentacoordinate phosphoryl group (in the case of the transition states) are shown in purple for the unphosphorylated complex, in light blue for the
dissociative transition state (N81—°N£2 distance between Hisl5 and His90 of ~6 A) and in orange for the associative transition state (N6/-Ne2 distance
between Hisl5 and His90 of ~4 A). The backbones for the unphosphorylated and dissociative transition state complexes are identical and only the
positions of the active site histidines are different; in the associative transition state complex there are small alterations in the backbone of residues
13-17 of HPr and 89-91 of ITAC® (see text for details). (C) Detailed view of the active site during the putative associative transition state illustrating
the interactions that stabilize the phosphoryl group. The color coding is the same as in (A) and the phosphoryl group is shown in yellow. Residues
from HPr are denoted in italic.
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Fig. 5. Summary of interactions between (A) HPr and its partner proteins EIN and ITAS' and (B) between ITAS'® and its partner proteins HPr and
glycerol kinase (GK). Side chains that participate in analogous hydrophobic and electrostatic interactions in both partners are depicted in blue and red,

respectively.

our paper on the EIN-HPr complex (Garrett et al., 1999).
Specifically, we introduced a phosphoryl group to the
coordinates generated subsequent to the first rigid body
minimization step, with covalent geometry restraints
relating to trigonal bipyramidal geometry at the phos-
phorus. The latter included: a symmetry restraint to
maintain equal bond lengths for the No1(His!5)-P and
Ne2(His90)-P bonds (without imposing a restraint for the
actual bond length); the bond angle restraints No1(His15)—
P-Ne2(His90) = 180° and Cy(Hisl5)-Nol(Hisl5)-P
Cel(His15)-N31(His15)-P C32(His90)-Ne2(His90)—
P = Cel(His90)-Ne2(His90)-P = 120°; two planarity
restraints to ensure that the phosphorus atom lies in the
plane of each imidazole ring. (Note that the imidazole rings
of Hisl5 and His90 are not required to be co-planar.) The
phosphorus was initially placed approximately half way
between Hisl5 and His90 and the structure was subjected
to constrained/restrained simulated annealing and a final
round of rigid body minimization using exactly the same
NOE-derived interproton distance restraints (with one
exception), torsion angle restraints and dipolar coupling
(including cross-validation) employed for the unphos-
phorylated HPr—ITAS' complex. Only the distance re-
straint corresponding to the strong intramolecular NOE
between the Hf} protons of Asni2 and the HS2 proton of
Hisl5 was removed, since this effectively limits the
accessible x; torsion angle of Hisl5 to a very narrow
range. Thus, in these calculations the backbone is main-
tained at those of the X-ray coordinates of the free proteins
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and the side chains of His/5 and His90 can move
appropriately to accommodate the restraints imposed by
inclusion of the phosphoryl group. An ensemble of 30
simulated annealing structures was calculated and, with the
exception of the two active site histidines and the
phosphoryl group, these structures are essentially identical
to those of the unphosphorylated complex. Thus, the r.m.s.
difference between the mean structures of the unphos-
phorylated complex and the transition state complex is
0.03 A for the backbone atoms and 0.2 A for the interfacial
side chains (excluding Hisl5 and His90). The Ca—Ca
distance between Hisl5 and His90 remains unchanged at
11.5 A, but the N51—N£2° distance between Hisl5 and
His90 is reduced to 6 A, with essentially idealized
geometry of the phosphoryl group transition state
(Figure 4B). The planes of the imidazole rings of Hisl5
and His90 are oriented at ~90° to each other. Thus, this
model of the transition state corresponds to a largely
dissociative mechanism in which the P-N bond of the
donor histidine breaks before the P-N bond to the acceptor
starts to form, producing a metaphosphate-like transition
state. This is accompanied by relatively small changes in
the side chain torsion angles of His/5 and His90: in the
unphosphorylated complex the /), angles of Hisl5 and
His90 are 51°/106° and 176°/-67°, respectively, while in
the transition state complex the corresponding values are
89°/100° and 189°/-33°, respectively.

The above result does not favor a dissociative over an
associative transition state. This is because small changes



Fig. 6. Surface representations illustrating the binding surfaces
involved in the (A and B) EIN-HPr, (C and D) HPr-1IASk and (E and
F) ITAC_GK complexes. The HPr binding surface on EIN and ITAS'
are shown in (A) and (C), respectively; the EIN and IIAS'* binding
surfaces on HPr are shown in (B) and (D), respectively; the GK
binding surface on ITAS! is shown in (E); the ITAS! binding surface
on GK is shown in (F). The binding surfaces are color coded with
hydrophobic residues in green, polar residues in light blue, the active
site histidines in purple, positively charged residues in dark blue

and negatively charged residues in red. The relevant portion of the
backbone of the partner protein is shown as a gold ribbon with
positively charged side chains in dark blue and negatively charged ones
in red. Only charged residues and the active site histidines are labeled,
with residues from HPr and GK denoted in italic. Note that although
the active site histidines of EIN (His189) and IIAC! (His90) are in
close contact with Hisl5 of HPr, their direction of approach is
different: His189 (EIN) approaches His/5 from above (B), while His90
(IIACI) approaches Hisl5 from below (D). The coordinates for the
EIN-HPr and ITAS"-GK complexes are taken from Garrett et al.
(1999) (RCSB accession code 3EZA) and Hurley et al. (1993) (RCSB
accession code 1GLA).

in backbone conformation in the immediate vicinity of the
active site histidines could easily accommodate a shorter
NO1(His15)-Ne2(His90) distance while preserving ideal-
ized geometry of the phosphoryl group in the transition
state. To test this possibility, we subjected the dissociative
model of the transition state to constrained/restrained
minimization in which the coordinates of all the backbone
atoms, with the exception of residues /3—17 of HPr and
residues 89-91 of IIAS!c, and all the non-interfacial side

HPr-llAGlucose phosphoryl transfer complex

chains were held completely fixed and in which the
NO1(Hisl5)-P and Ne2(His90)-P distances were re-
strained to 1.96 A, corresponding to an Sn2 associative
transition state. The experimental NMR restraints and
other covalent geometry restraints were the same as those
used to compute the model of the dissociative transition
state complex. As is evident from Figure 4B, only very
minor changes in the backbone conformation of these
eight residues, five for HPr and three for IIASe, are
required to accommodate the shorter N-P distances.
Indeed, the angular r.m.s. difference in the ¢/y angles
between the two transition state models is only 16° for the
eight residues. Moreover, the /¥, torsion angles of Hisl5
and His90, which have values of 85°/103° and —159°/-40°,
respectively, are only minimally altered relative to those in
the dissociative transition state complex.

A detailed view of the environment surrounding the
phosphoryl group in the associative transition state
complex is shown in Figure 4C. The phosphoryl group is
surrounded by a cluster of hydrophobic residues from
IIAS!® comprising Val40, Phe41, Phe71 and Val96. The
phosphoryl group is stabilized by hydrogen bonds from the
backbone amide and side chain hydroxyl protons of Thri6
and from the He?2 proton of His75, as well as by potentially
water-bridged hydrogen bonds from the backbone amides
of Argl7, Asp94 and Val96. The Ne2-H tautomeric state
of His75 is stabilized by a hydrogen bond in which the N1
atom of His75 accepts a hydrogen bond from the hydroxyl
group of Thr73. It is interesting to note that mutation of
His75 to Gln (H75Q) decreases the rate of phosphoryl
transfer between HPr and IIAS by a factor of ~200
(Meadow and Roseman, 1996). While a Gln at position 75
can still donate a hydrogen bond to the phosphoryl group,
it can no longer accept one from Thr73 (Pelton et al.,
1996), thereby destabilizing the transition state.

Two other key features of the model of the transition
state complex, which are also present in the structure of the
unphosphorylated complex, stand out: the orientation of
the imidazole ring of Hisl5 is in part stabilized by
hydrophobic contacts with Prol8 (Figure 4C); the nega-
tively charged carboxylates on ITAC that are in the
vicinity of the phosphoryl group are neutralized by
additional hydrogen bonding interactions, specifically
between the side chain amide of Asn/2 and the carboxylate
of Glu97 and between the guanidino group of Argl/7 and
the carboxylates of Asp38 and Asp94 (Figure 4B and C).
The correct orientation of Argl7 is further stabilized by
hydrophobic interactions between the aliphatic portion of
the Argl7 side chain and the methyl groups of Val39 and
Val40 (Figure 4A).

Since the N-P distances in the associative model of the
transition state are close to the N-P bond distance, this
structure also provides insight into the factors stabilizing
the phosphorylated forms of uncomplexed IIAC and HPr.
The interactions described above that stabilize the
phosphoryl group in the transition state are consistent
with previous NMR studies on the phosphorylated forms
of free HPr (van Nuland et al., 1995; Jones et al., 1997)
and ITAC (Pelton et al., 1992, 1993, 1996). Since the
number of hydrogen bonding interactions to the phos-
phoryl group originating from HPr and ITAS* is the same,
one would predict that the equilibrium constant for the
phosphoryl transfer reaction between HPr and IIACk
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would be close to 1. This is exactly what has been
observed experimentally (Meadow and Roseman, 1996).

Relationship to the EIN-HPr and IIAS'~glycerol
kinase complexes

NMR chemical shift mapping has shown that HPr interacts
with several apparently structurally unrelated proteins,
namely EI, IIAC and glycogen phosphorylase, using a
common binding surface (Chen et al., 1993; van Nuland
et al., 1995; Wang et al., 2000). In addition, HPr interacts
with a variety of IIA proteins that bear no structural
resemblance to one another. Thus, while ITASc is a
monomeric [-sandwich protein (Liao et al., 1991;
Worthylake er al., 1991), IAM! is a monomeric o/
protein (van Montfort et al., 1998), ITAM2 i a dimeric o/3
protein (Nunn et al., 1996) and ITAM¢ (Sliz et al., 1997) is
a trimeric helical protein. Since His/5 of HPr must be in
close contact with the active site histidine of all IIA
proteins, it follows that there must be extensive overlap of
all the ITA binding surfaces on HPr. Likewise, IIACk also
interacts with a variety of structurally unrelated proteins
using a similar binding surface, namely its upstream
partner (HPr; present study) and downstream partner
(IIBS%, chemical shift mapping; Gemmecker et al., 1997)
in the PTS pathway, as well as glycerol kinase (GK)
(crystallography; Hurley et al., 1993). Since structures of
the EIN-HPr (Garrett et al., 1999), HPr—ITIASk (this work)
and ITACG_GK (Hurley et al., 1993) complexes are now
available, a comparison of the three interfaces provides
unique insights into the mode of protein—protein recogni-
tion, both within the PTS and in related regulatory
pathways, and provides a molecular explanation for the
ability of both HPr and IIAS! to recognize and interact
specifically with structurally diverse proteins. A compari-
son of all three interfaces is provided in Figures 5 and 6
and a summary of the structural characteristics of the
interfaces is given in Table II.

There is a high species selectivity in the phosphoryl
transfer reaction from EI to HPr; EI from E.coli only
poorly transfers phosphorus to HPr from B.subtilis or
Mycoplasma capricolum, and B.subtilis EI poorly transfers
to E.coli HPr (Reizer et al., 1992; Zhu et al., 1994). In
contrast, phosphoryl transfer from HPr to IIAC® shows
little species selectivity among the enzymes from E.coli,
B.subtilis and M.capricolum. It is noteworthy that the
three-dimensional structures of the ITAS'® proteins from
these three species are quite similar [E.coli (Worthylake
et al., 1991; Feese et al., 1997); B.subtilis (Liao et al.,
1991); M.capricolum (Huang et al., 1998)]. Since it has
now been established that other IIA proteins (ITAMan,
ITAL2c and ITAMY) have different three-dimensional struc-
tures, it might be predicted that E.coli HPr might show
some species selectivity in phosphoryl transfer to those
proteins. Appropriate kinetic studies with systems recon-
stituted from purified proteins have not yet been carried
out.

The total ASA buried at the interface is somewhat larger
for the EIN-HPr complex (1950 A2) than for the other two
complexes (1300-1350 A?). The degree of complement-
arity, as measured by the gap index, decreases in the order
EIN-HPr > HPr—IIAS'* > [IAC*—GK. The binding sites on
EIN and ITAS' are located in shallow depressions, while
those on HPr and GK are located on surface protrusions.
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The deviation from planarity of the EIN-HPr and
HPr-IIACk interfaces is approximately the same, while
that of the IMMAS°-GK interface is significantly more
planar. All these structural parameters, however, fall
within the expected range for heterocomplexes (Jones and
Thornton, 1996). It would be tempting to postulate that the
stability of the complexes could be directly correlated with
these structural statistics, in which case one would predict
that the equilibrium dissociation constant (Kgis) would
increase in the order EI-HPr < HPr-1IAS'® < ITAG-GK.
However, it appears that the values of Ky;s for the three
complexes are roughly comparable, lying in the 1-15 uM
range (this study; Beneski et al., 1982; Novotny et al.,
1985; Chauvin et al., 1996; Garrett et al., 1997b). This is
not surprising since a decrease in contact surface or
general complementarity, which would reflect a decrease
in intermolecular van der Waals interactions, can readily
be offset by a few intermolecular electrostatic interactions.
Moreover, the association rate constant can be specifically
modulated by long-range electrostatic effects involving
charged residues located in the vicinity of the binding
interface but not directly participating in intermolecular
contacts (Selzer et al., 2000).

Comparison of the EIN-HPr and HPr-lIAG'
interfaces
The binding surfaces for EIN and ITAS' on HPr are very
similar, sharing 17 residues in common, out of a total of 18
that interact with IIAS'® and 23 with EIN (Figure 5A). The
chief characteristic of this common convex binding
surface is a central hydrophobic core surrounded by a
ring of polar and positively charged residues (Figure 6B
and D). The scaffolds used for the HPr binding surface on
EIN and IIAS', however, are entirely different. The HPr
binding surface on EIN is made up entirely of a-helices
while that on IIAC' is predominantly B-sheet with a short
o-helix and two 310 helices located peripherally (Figure 6B
and D). When surface representations of these two binding
surfaces are compared, they appear to be very similar both
in shape and residue type distribution (cf. Figure 6A and
C). Thus, both surfaces are concave, approximately
circular in shape, with a central, predominantly hydro-
phobic core surrounded by a ring of polar and negatively
charged residues that are complementary to the binding
surface on HPr. The majority of side chain contacts in the
two complexes are similar in nature. For example,
considering the hydrogen bonding and ion pair inter-
actions, we find that Argl7 interacts with Glu67/Glu68 of
EIN and with Asp38/Asp94 of IIACk, Lys27 with Asp82 of
EIN and Aspl44 of IIAS', Lys49 with Glu84 of EIN and
Glu80/Glu86 of ITAS', and Gin51 with the Ne of Argl26
of EIN and the hydroxyl of Ser78 of IIASl (Figures 5 and
6A-D). Presumably, all these interactions play a role in
assuring the correct orientation of the proteins within the
two complexes. Even the single positively charged resi-
dues present on the HPr binding surfaces of ITAS' (Lys69)
and EIN (Argl26) are located in approximately the same
relative position, just off-center of the binding surface,
buried at the interface and hydrogen bonded to a backbone
carbonyl (Leu53 and Leul4 of HPr for the ITAC and EIN
complexes, respectively).

To achieve optimal intermolecular contacts some
degree of side chain conformational plasticity is required.
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Fig. 7. Conformational side chain plasticity. Stereoviews of superpositions of selected regions of the interfaces of the HPr—IIA® and EIN-HPr
complexes illustrating alternative conformations of (A) Phe48 and (B) Argl7 of HPr in the two complexes. HPr in the HPr—IIAS and EIN-HPr
complexes is shown in red and blue, respectively; EIN is shown in purple and ITAS' in green.

This is illustrated in Figure 7. For example, Phe48 of HPr
is involved in key hydrophobic contacts. In the EIN-HPr
complex the yx; torsion angle of Phe48 is in the g
conformation, thereby permitting Phe48 to interact with
Leu79, Leu85, 11e108 and GInl11 of EIN (Figure 7A). In
the HPr—IIAC!c complex, on the other hand, ) of Phe48 is
in the ¢ conformation, thereby permitting the aromatic ring
of Phe48 to interact with the backbone of strands 36 and
B7 of the underlying B-sheet of IIAS (Figure 7A). Note
that the %, rotamer of Phe48 in the two complexes is
established unambiguously not only from analysis of */xcy
and 3Jccy couplings but also from extensive intermole-
cular NOEs. Thus, the NOEs from Phe48 of HPr to Leu79,
Leu85, 11e108, GInl11, Leull5 and Leull8 of EIN can
only be accounted for by the g~ y; rotamer, while those to
Gly68, 11e79, Glu80, Glu86 and Leu87 of ITACk can only
be accounted for by the 77, rotamer. Although the y; angle
of Phe48 in the crystal structure of free HPr is fixed in the
g rotamer as a result of a crystal contact (Jia et al., 1993),
solution NMR measurements on free HPr indicate that
Phe48 undergoes rotamer averaging (van Nuland et al.,
1995). Hence, Phe48 is primed to adopt different
conformations for different partners. Another example is
provided by Argl7 of HPr in Figure 7B. The 1, %2, X3 and
X4 angles of Argl7 are in the f, g*, ¢t and g~ rotamers,
respectively, in the EIN-HPr complex, but in the ¢, ¢, g~
and ¢ rotamers, respectively, in the HPr—ITAS" complex.
By this means, the guanidino group of Arg/7 can form ion

pairs with the carboxylates of Glu67 and Glu68 of EIN
(Garrett et al., 1999) and with the carboxylates of Asp38
and Asp94 of IAS. The importance of these ion pair
interactions involving Argl7 is attested by the observation
that mutation of Argl7 to a variety of residues has a large
impact on phosphoryl transfer from EI to HPr and from
HPr to ITAS' (Sharma et al., 1991; Anderson et al., 1993;
Kruse et al., 1993).

Some residues on HPr are not shared by the EIN and
ITASk binding surfaces. In particular, Asni2 is involved in
interactions with Phe71, Val96 and Glu97 of IIAS* but has
no counterpart in the EIN-HPr complex. Likewise, the
interaction of Lys45 and Ser46 of HPr with Glu84 of EIN
has no counterpart in the HPr-ITA® complex. These
structural findings are completely consistent with the very
different effects that mutation of Ser46 to Asp (S46D) has
on the EI-HPr and HPr—ITAS* systems. In particular, the
S46D mutation results in an ~2000-fold reduction in
phosphoryl transfer activity (k../Ky,) between EI and HPr,
mainly attributable to an ~650-fold increase in the value of
K., (Napper et al., 1996). In contrast, the same mutation
has a minimal effect on the phosphoryl transfer activity
between HPr and IIAS', reducing k.,/K, and increasing
K., by only a factor of ~4 (Reizer et al., 1992). Thus, the
introduction of a negative charge at position 46 of HPr,
either by mutation or by phosphorylation in the case of
Gram-positive bacteria, will result in a significant reduc-
tion in the binding affinity of HPr for EI, as a result of
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unfavorable electrostatic interactions with Glu84, but will
have only a small effect on formation of the HPr—ITIAS'*
complex. The latter can presumably be attributed to long-
range electrostatic effects modulating the association rate
constant (Selzer et al., 2000).

Comparison of the HPr-lIAS" and lIAG"°-GK
interfaces

Just as in the case of HPr binding, the interaction of GK
with IIAS' does not induce any change in the backbone
conformation of ITAC. Thus, the backbone r.m.s. differ-
ence between the crystal structures of IIAC in the free
state (Feese et al., 1997) and complexed to GK (Hurley
etal., 1993)is only 0.4 A, which is within the errors of the
coordinates. There is considerable overlap of the HPr and
GK binding surfaces on IIACE, with 16 residues in
common out of 23 that interact with HPr and 17 with
GK (Figures 5B and 6C and E). Once again, the scaffolds
comprising the ITAS!® binding surfaces on HPr and GK are
structurally distinct (Figure 6C and E). The binding
surface on HPr involves two helices, while that on GK
consists of one short helix and portions of three loops. The
orientation of the GK helix on ITAS* does not coincide
with that of either of the two helices of HPr. However, just
as in the case of HPr, the IIAC! binding surface presented
by GK is convex in shape. The location of the hydrophobic
residues on the ITAS' binding surfaces of HPr and GK
approximately coincide, as do a significant portion of the
polar and positively charged residues (Figure 6D and F)
(HPr and GK residues in italic). A number of hydrogen
bonding/ion pair interactions are also preserved. Thus,
Tyr481 of GK fulfills an analogous role to Asni2 of HPr,
making contacts with Val96 and Glu97 (as well as
additional contacts with Lys99). Arg479 of GK occupies
a similar position to Argl7 of HPr and forms an ion pair
with Asp38. The side chains of Pro472, Ille474 and
Thr476/477 of GK approximately coincide with those of
Ala20, Phe48 and Thri6 of HPr and participate in a similar
set of hydrophobic contacts with IIASe,

One key difference between the IIAS! binding sites on
HPr and GK is the presence of a single negatively charged
residue, Glu478, on the surface of GK. Glu478 is located
in close proximity to His90 of ITAS!® and explains why GK
is only inhibited by unphosphorylated ITASY, since the
presence of a negatively charged phosphoryl group bonded
to His90 would result in unfavorable charge repulsion
(Hurley et al., 1993).

Concluding remarks

The structure of the HPr—ITAS' complex delineates the
specific hydrophobic and electrostatic interactions at the
interfaces and permits a critical evaluation of the various
interactions. The key feature of the complex is the
complementarity of the shape and amino acid composition
of the binding surfaces. The binding surface on ITAC ig
concave and located in a shallow depression, while that on
HPr is convex and located on a protrusion. The central
region of each binding surface is hydrophobic and is
surrounded by polar and charged residues. The latter are
entirely positive in the case of HPr and, with only one
exception, are negative in the case of IIAC, Important
features of both HPr and ITACC are their ability to
recognize structurally diverse proteins. Indeed, one
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might expect this to be generally the case for many
proteins involved in signal transduction pathways where
complex formation between the relevant protein partners
is likely to be transient in nature. Comparison of the
EIN-HPr, HPr—ITAS and IIAS-GK complexes demon-
strates that similar binding surfaces can be obtained with
structurally very different underlying scaffolds. For
example, the HPr binding surfaces on EIN (Figure 6A)
and ITAS'c (Figure 6C) are remarkably similar, although
the underlying structural elements at the backbone level
bear no similarity to one another. At the design level it is
apparent that the ability to recognize multiple targets using
the same binding surface is associated with a reasonably
high degree of both redundancy and side chain conform-
ational plasticity. Although the correct orientation of the
proteins in the complexes is dictated both by surface
complementarity and the presence of specific electrostatic
interactions, one finds that only a subset are involved in
specific ion pair and hydrogen bonding interactions. While
many of the electrostatic and hydrophobic interactions are
preserved between the various complexes, others are
present in one but not the other. For example, Lys24 and
Lys45 of HPr form ion pairs with Glu74 and Glu84 of EIN
(Figure 6A and B) but have no counterparts in the
HPr—IIAS! complex (Figure 6C and D). Likewise, Glu43
of ITAS’ forms an ion pair with Arg402 of GK (Figure 6E
and F) but has no counterpart in the HPr—ITAS complex
(Figure 6C and D), while the ion pairs formed between
GIu80 and GlIu86 of IIAC!c and Lys49 of HPr (Figure 6C
and D) have no counterpart in the ITAS-GK complex
(Figure 6E and F). Side chain plasticity permits optimal
interactions to be formed and relates not only to long linear
side chains, such as those of Arg and Lys, but to others as
well. For example, Phe48 of HPr, which participates in
multiple intermolecular hydrophobic interactions, has
distinct %, rotamer conformations in the EIN-HPr and
HPr—IIASc complexes, namely g~ and ¢, respectively.
These features obviate the need for absolute preservation
of the various binding surfaces and are likely to be a
general characteristic of protein—protein interactions
involving proteins that utilize approximately the same
surface to interact with numerous disparate targets.

The completion of these studies (Garrett et al., 1999;
this study) constitutes the elucidation of the structures of
two of the protein—protein complexes in the glucose—PTS
cascade. The determination of the structure of the final
element in this pathway, that of the ITAS-TIBC!c complex,
is currently underway.

Materials and methods

Expression and purification of proteins

Escherichia coli TIAC* and HPr were expressed, purified and uniformly
isotopically labeled with >N (>95%) and '3C (>95%) as described
previously (Reddy et al., 1991; Garrett et al., 1997b). Samples for NMR
contained ~1 mM 1:1 HPr—ITAS'® complex in 10 mM phosphate buffer,
pH 7.1. The following samples were employed (only the presence of N
and 13C isotopes are indicated; if no C or N isotope is mentioned, then the
sample contained '2C or N at natural isotopic abundance):
HPr(PN)-TIACk, TASC(SN)-HPr, HPr('’N/3C)-1IACk, HPr-1IAS'
(N/13C), HPr(PN)-IIAC(13C) and HPr('3C)-TIAC(15N).

NMR spectroscopy
All spectra were recorded at 35°C on Bruker DMX500, DMX600,
DMX750 and DRXS800 spectrometers equipped with x,y,z-shielded



gradient triple resonance probes. Spectra were processed with the
NMRPipe package (Delaglio et al., 1995) and analyzed using the
programs PIPP, CAPP and STAPP (Garrett et al., 1991). 'H, !N and 13C
sequential assignments were obtained using 3D double and triple
resonance  through-bond correlation experiments (Clore and
Gronenborn, 1991, 1998a; Bax and Grzesiek, 1993). 3J N-Cy, C’'-Cy
and Co—Cd couplings were measured using quantitative J correlation
spectroscopy (Bax ef al., 1994). Interproton distance restraints were
derived from multi-dimensional NOE spectra with mixing times ranging
from 75 to 120 ms. Three-dimensional experiments used for sequential
assignments included HNCO, HNCA, HNCACB, CBCA(CO)NH,
C(CCO)NH, HBHA(CBCACO)NH, H(CCO)NH, HCCH-COSY, CCH-
COSY and HCCH-TOCSY experiments. NOE experiments included 3D
I5N-separated, 13C-separated and '3C-separated/'?C-filtered NOE spectra,
4D !5N/3C-separated and '3C/!3C-separated NOE spectra and 2D
I5N-separated/!3C-filtered, '>N-filtered/'>C-separated and '3C-filtered/
I5N-filtered NOE spectra. Residual ! Dyy dipolar couplings were obtained
by taking the difference in the corresponding J splittings measured in
oriented (in an ~60 mg/ml colloidal suspension of tobacco mosaic virus;
Clore et al., 1998a) and isotropic (in water) HPr('’N)-IIACk and
HPr—ITAS'(15N) complexes using 2D IPAP {5N,'H}-HSQC experiments
(Ottiger et al., 1998). In the latter samples the unlabeled protein was in
4-fold excess to ensure that the '°N-labeled protein (at a concentration of
~0.3 mM) was entirely in the bound state. The magnitudes of the axial
(—=14.9 Hz) and rhombic (0.2) components of the alignment tensor were
determined from the powder pattern distribution of the 'Dyy dipolar
couplings (Clore et al., 1998b), which range from -31 to +20 Hz.
Attempts to measure dipolar couplings in other liquid crystalline media
such as bacteriophages fd (Clore et al., 1998a) and pfl (Hansen et al.,
1998) or lipid bicelles (Ottiger and Bax, 1999) failed in this particular
case owing to interactions between the complex and these liquid
crystalline media. Long-range 'H-'>N correlation spectra to correlate
the N81 and Ne2 N shifts with the H82 and Hel 'H shifts of the
imidazole ring (Pelton et al., 1993) were used to confirm the tautomeric
states of the histidine residues in the complex.

Structure calculations

Intermolecular NOE-derived interproton distance restraints were classi-
fied into two ranges: 1.8-5.0 and 1.8-6.0 A. An additional 0.5 A was
added to the upper bound for NOEs involving methyl groups and
distances involving non-stereospecifically assigned protons were repre-
sented by a (Zr©)~"0 sum (Nilges, 1993). x, and Y, torsion angle
restraints were derived from analysis of heteronuclear 3J couplings and
NOE/ROE experiments (Clore and Gronenborn, 1998a). Structures were
calculated by a combination of rigid body minimization and constrained/
restrained simulated annealing (Clore, 2000) using the NIH version (code
written at NIH is available by anonymous ftp at portal.niddk.nih.gov in
the directory /pub/clore/xplor_nih) of the program XPLOR (Briinger,
1993). The starting coordinates comprise the X-ray structures (with
protons added) of E.coli HPr (RCSB accession code 1POH, 1.5 A
resolution) and ITAS! (RCSB accession code 2F3G, molecule 2, 2.13 A
resolution). At all stages the relative coordinates of the backbone and non-
interfacial side chains are maintained to those of the X-ray coordinates.
Rigid body minimization, using exactly the protocol described (Clore,
2000), was used to dock the two proteins, followed by constrained/
restrained simulated annealing with slow cooling from 3000 to 25 K to
refine the interfacial side chain positions and fine tune the relative
orientation of the two proteins. The simulated annealing schedule (Nilges
et al., 1988) follows that described previously (Omichinski et al., 1997)
with some minor modifications (see Results).

While there is no solution NMR structure for E.coli IIAC!, there are
NMR structures for E.coli HPr in both the free state (van Nuland et al.,
1994) and complexed to EIN (Garrett et al., 1999). The rationale for
choosing the X-ray over the NMR structure of E.coli HPr as a basis for
docking is that one invariably finds that high resolution X-ray structures
agree better with NMR observables, such as scalar coupling constants,
chemical shifts and dipolar couplings, than the corresponding solution
NMR structures (Clore and Gronenborn, 1998b). This is indeed the case
here. Thus, Ry, (for the Dy dipolar couplings measured on the
HPr-IIAS"® complex) is 38% for the NMR structure of free HPr
(van Nuland et al., 1994) and 26% for the NMR structure of HPr in the
EIN-HPr complex (Garrett et al., 1999), compared with 16.7% for the
X-ray structure of free HPr (Jia et al., 1993). This is not a reflection of
structural differences between solution and crystal structures or between
the structures in the free and bound states, but is simply due to the lower
degree of accuracy of the NMR coordinates relative to the X-ray ones.
Indeed, the value of Rg;p for the NMR structures is directly correlated with

HPr-lIAGlucose phosphoryl transfer complex

the backbone r.m.s. difference to the X-ray structure (1.1 A for free HPr
versus 0.6 A for HPr in the EIN-HPr complex).

There are three sets of coordinates for E.coli IIA" in the RCSB protein
data bank, representing either different crystal forms (2F3G versus 1F3Z)
or different molecules in the unit cell (the two molecules in 2F3G) (Feese
et al., 1997). The second molecule of 2F3G has the lowest value of the
dipolar coupling R factor, Rgi, (14.7%), and hence was chosen as the
docking molecule in this study. The values of Ry, for the first molecule of
2F3G and for 1F3Z are 19.7 and 19.8%, respectively. These higher values
are due to the presence of a few outliers: removal of the dipolar couplings
for residues 134 and 145 for the first molecule of 2F3G reduces Rg;p, to
15.9%; similarly, removal of the dipolar couplings for residues 70, 134
and 136 of 1F3Z reduces Ry, to 16.4%. The pairwise backbone r.m.s.
difference between these three sets of coordinates ranges from 0.29 to
0.33 A and the precision of the backbone coordinates (given by the
average backbone r.m.s. of the three individual structures to the mean
coordinate positions) is 0.18 A.

The coordinates of the mean NMR structure were obtained by
averaging the coordinates of the 30 individual simulated annealing
structures best fitted to each other (residues /-85 of HPr and residues
19-168 of IIASK). The average coordinates were then used to create a
template for constrained/restrained regularization to generate the so-
called restrained minimized mean structure. The template is obtained by
best fitting the X-ray coordinates of HPr and IIAS" to the average
coordinates and then substituting the backbone and non-interfacial side
chains of the best fitted X-ray coordinates for those of the average
structure. The resulting template is subjected to constrained/restrained
regularization in which only the coordinates of the interfacial side chains
(i.e. those obtained by averaging the coordinates of the individual
simulated annealing structures) are allowed to move, all the remaining
coordinates being held completely fixed. The target function includes the
experimental NOE and torsion angle restraints, but not the dipolar
coupling restraints, since the backbone positions are held fixed.

Structures were visualized and analyzed with the program VMD-
XPLOR (C.Schwieters and G.M.Clore, unpublished). Figures were
generated using VMD-XPLOR (C.Schwieters and G.M.Clore, unpub-
lished), MOLMOL (Koradi et al., 1996), RIBBONS (Carson, 1991) and
GRASP (Nicholls et al., 1991).

The coordinates have been deposited in the RCSB Protein Data Bank
(RCSB accession code 1GGR).
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