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Solution structure of the 40,000 M,
phosphoryl transfer complex between the
N-terminal domain of enzyme | and HPr

Daniel S. Garrett’, Yeong-Jae Seok?3, Alan Peterkofsky?, Angela M. Gronenborn' and G. Marius Clore'

The solution structure of the first protein-protein complex of the bacterial phosphoenolpyruvate: sugar
phosphotransferase system between the N-terminal domain of enzyme | (EIN) and the histidine-containing
phosphocarrier protein HPr has been determined by NMR spectroscopy, including the use of residual dipolar couplings
that provide long-range structural information. The complex between EIN and HPr is a classical example of surface
complementarity, involving an essentially all helical interface, comprising helices 2, 2, 3 and 4 of the a-subdomain of EIN
and helices 1 and 2 of HPr, that requires virtually no changes in conformation of the components relative to that in their
respective free states. The specificity of the complex is dependent on the correct placement of both van der Waals
and electrostatic contacts. The transition state can be formed with minimal changes in overall conformation, and

is stabilized in favor of phosphorylated HPr, thereby accounting for the directionality of phosphoryl transfer.

Phosphoryl transfer plays a central role in numerous signal
transduction pathways. One such pathway is the phospho-
enolpyruvate:sugar phosphotransferase system (PTS) of bacte-
ria which is involved in the coupled phosphorylation and
translocation of sugars across the cytoplasmic membrane,
chemotaxis towards carbon sources, and the regulation of a
number of metabolic pathways!2. Phosphoryl transfer in the
PTS involves an associative mechanism in which successive
protein—protein complexes between phosphoryl donor and
acceptor molecules are formed. The first protein in the PTS
pathway is enzyme I (EI) which is autophosphorylated by phos-
phoenolpyruvate (PEP) at His 189. Phosphorylated EI acts as
the phosphoryl donor to His 15 of the histidine-containing
phosphocarrier protein, HPr. Phosphorylated HPr in turn
donates the phosphoryl group to sugar transporters, collective-
ly known as enzymes II (EII). EI is a 64,000 M, protein com-
prising N- and C-terminal domains®*. The N-terminal domain
(EIN), which terminates in a linker region extending from Glu
252 to Leu 264, can be phosphorylated in a fully reversible
manner by phosphorylated HPr, although it has lost its ability
to be autophosphorylated by PEP, a reaction that requires the
additional presence of the C-terminal domain*-. Crystal and
NMR structures have been reported for EIN7#, HPr*'> and var-
ious Ells'®20, To date, however, no structure of a protein—pro-
tein complex of the PTS pathway has been solved. In this paper,
we present the solution structure of the 40,000 M, complex
between EIN and HPr, and characterize the interactions that
may stabilize the phosphoprotein transition state. To our
knowledge this is the first example of a structure of a pro-
tein—protein phosphoryl transfer complex.

Structure determination

The EIN-HPr complex is in fast exchange on the chemical
shift scale with an equilibrium association constant of
~1.5 x 105 M-! and a lower limit for the dissociation rate con-

stant of ~10° s7! (ref. 21). The rotational correlation time of the
complex at 40 °C, determined from the distribution of "N
T,/T, ratios??, is ~15.5 ns with a diffusion anisotropy of ~1.7.
The solution structure of the unphosphorylated 1:1 EIN-HPr
complex was solved by multidimensional heteronuclear NMR
spectroscopy?, using multiple combinations of isotopically
labeled ("°N, 3C and/or ?H) proteins to simplify the spectra for
assignment purposes and to observe specifically intermolecular
nuclear Overhauser (NOE) contacts between EIN and HPr. A
total of 30 3D and 8 4D multidimensional NMR spectra were
recorded on the 1:1 EIN-HPr complex. In addition, a number
of 2D heteronuclear correlation spectra were recorded to check
the samples, to measure heteronuclear 3] scalar couplings using
quantitative J correlation spectroscopy, and to determine resid-
ual dipolar couplings. The total NMR measurement time was
~3,500 h, of which >95% was taken up by the 3D and 4D spec-
tra. An example of the quality of the NMR data is displayed in
Fig. 1 which illustrates strips taken from the 3D *C-separat-
ed/?C-filtered NOE spectra recorded on samples of *C/""N/'H
EIN:2C/“N/'H HPr and ">C/"N/'H EIN:'*C/"N/'H HPr.
These experiments specifically detect intermolecular NOEs
from !*C-attached protons to '2C-attached protons. Other
experiments used to identify intermolecular interproton dis-
tances comprised "N-filtered/'*C-separated and “C-fil-
tered/""N-separated NOE experiments using samples in which
one component of the complex was labeled with ’N/?H and the
other with *C, and 3D '“N-separated NOE experiments in
which one of the components was labeled with >N and ?H. The
structure of the complex was calculated by simulated anneal-
ing?* on the basis of 5,474 experimental NMR restraints,
including 110 intermolecular NOE-derived interproton dis-
tance restraints and 244 one-bond ®N-'H residual dipolar cou-
plings. The latter, which were measured in the nematic phase of
a colloidal suspension of fd phage?, supply key long-range
structural information for orienting the two proteins relative to
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Fig. 1 Strips taken from a, the 3D 2C-filtered(F,)/'3*C-separated(F,) NOE spectrum recorded on a 1:1 *N/'3C/'H EIN:'“N/'2C/'"H HPr complex and b, the
3D 3C-separated(F,)/2C-filtered(Fs;) NOE spectrum recorded on a 1:1 N/'2C/'H EIN:"SN/3C/'H HPr complex, illustrating specifically intermolecular NOE
contacts between '3C-attached protons of one component and 2C-attached protons of the other. Residues from HPr are designated by a prime fol-
lowing the residue number. Note that in (a) the '2C-attached protons (belonging to HPr) are detected in the indirect dimension (at low digital reso-
lution), hence the broadness of the cross-peaks in the displayed strips; in (b) the '2C-attached protons (belonging to EIN) are detected in the
acquisition dimension (at high digital resolution) so that the cross-peaks in the displayed strips are narrow..

each other?. A summary of the structural statistics is provided in
Table 1, and a superposition of the final 40 simulated annealing
structures is shown in Fig. 2a.

Overall structure of the complex
Two views illustrating the overall complex are shown as ribbon
diagrams in Fig. 2b. EIN comprises two subdomains: the O
domain (residues 33—143), shown in red, is a four helix bundle
comprising helices H1, H2/H2', H3 and H4; the a/f domain
(residues 1-20 and 148-230), shown in blue, comprises a -
sandwich, formed by a four-stranded parallel 3-sheet (B1-[34)
and a three-stranded antiparallel 3-sheet (31, 35, 36), as well as
three short helices (H5-H7); in addition, there is a long C-termi-
nal helix (H8) that serves as a linker to the C-terminal domain of
EIL. HPr comprises three helices and a four stranded antiparallel
[-sheet. The structures of EIN and HPr in the complex are very
similar to those in the free state. The backbone atomic root mean
square (r.m.s.) difference between EIN in the complex and the
X-ray” and NMRS structures of free EIN are ~1.2 A for the o and
a/B subdomains combined, and 0.9-1.0 A for the o and o/ sub-
domains individually; the backbone atomic r.m.s. differences
between HPr in the complex and the X-ray'? and NMR" struc-
tures of free E. coli HPr are 0.6 and 1.3 A, respectively. These dif-
ferences are within the errors of the coordinates.

The interaction between EIN and HPr involves exclusively the
o subdomain of EIN, consistent with previous chemical shift
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perturbation mapping?'. The long axes of the EIN and HPr mol-
ecules are oriented at an angle of ~25" (Fig. 2b). The buried sur-
face area at the interface is extensive (944 A2 for EIN and 969 A2
for HPr) and the interface extends over a region of ~30 A in
length and ~25 A in width. The interaction surface on EIN com-
prises virtually the entire helix 2, the N-terminal end of helix 2',
the C-terminal half of helix 3 and the N-terminal half of helix 4.
The interaction surface on HPr comprises helix 1, helix 2, and
the turn preceeding helix 1 and the beginning of the loop follow-
ing helix 2. Helix 1 of HPr is packed against helices 2 and 4 of
EIN at angles of ~55° and ~75°, respectively. Helix 2 of HPr is
packed against helices 2, 2', 3 and 4 of EIN at angles of ~110",
105°, 31" and 150°, respectively.

The EIN-HPr interface

A detailed view of the interface and a summary of the contacts
between the two proteins are shown in Fig. 3a,b. There are 44
residues at the interface, 21 from EIN and 23 from HPr. The
majority of the contacts between the two proteins are hydropho-
bic in nature. Key residues in this regard — that is, those
involved in three or more intermolecular contacts — are Ala 71,
Ile 72, Met 78, Leu 79, Leu 115, Tyr 122, Leu 123 and Arg 126 of
EIN, and Thr 16', Arg 17', Ala 20', Leu 47', Phe 48" and Thr 52' of
HPr (the prime is used to designate residues of HPr). In addi-
tion, there are 11 intermolecular electrostatic interactions,
including two side chain to backbone hydrogen bonds and six
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salt bridges. The hydroxyl group of Tyr 122 and @
the guanidino group of Arg 126 of EIN are €
hydrogen-bonded to the backbone carbonyl of
Leu 14' of HPr. The salt bridges, which were
identified wusing the criteria described by
Omichinski et al? and represented by six
ambiguous (Xr°)-"¢ sum distance restraints dur-
ing the final stages of refinement, comprise the
following pairs of EIN and HPr residues: Glu 67
and Arg 17', Glu 68 and Arg 17', Glu 74 and Lys
24', Asp 82 and Lys 27', Glu 84 and Lys 45, and
Glu 84 and Lys 49'. In addition, the carboxylate
of Asp 82 is not only involved in an intermolecu-
lar salt bridge but also accepts two hydrogen
bonds from the backbone amides of Glu 84 and
Leu 85 which serve to stabilize the kink between
helices 2 and 2' of EIN. Finally, there are three
side chain—side chain hydrogen bonding interac-
tions between Asp 129 and Thr 16, Glu 84 and
Ser 46', and Arg 126 and Gln 51". It is worth not-
ing that of the 17 residues involved in intermole-
cular electrostatic interactions, two residues of
EIN (Asp 82, Asp 129) and three of HPr (Arg 17,
Lys 45' and Ser 46') are conserved throughout all
bacterial species. This suggests that these five
residues are important for directing the correct
alignment of HPr on EI to permit phosphoryl
transfer. This notion is supported by the finding
that mutation of Asp 129 to Ala or Arg results in
loss of EI activity (Y.-].S. and A.P., unpublished
data). Interestingly, phosphorylation of Ser 46'
of Bacillus subtilis HPr?® and mutation of Ser 46'
to Asp? in Escherichia coli HPr inhibits the phos-
phoryl transfer from EI to HPr by two to three
orders of magnitude. This effect may possibly be
due to destabilization of the EI-HPr complex
arising from the close proximity of the negatively
charged phosphate of phosphorylated Ser 46' of
HPr to the carboxylate of Glu 84 of EIN.

The transition state

Fig. 2 Structure of the EIN-HPr complex. a, Superposition of the backbone (N, Ca, C
atoms) of the 40 simulated annealing structures of the EIN-HPr complex. b, Ribbon dia-

EIN and HPr are phosphorylated at the Ne2 grams illustrating two views of the EIN-HPr complex. HPr is shown in green, the a domain
atom of His 1893931 and the NO1 atom of His of EINin red, and the a/f domain and C-terminal helix of EIN in blue. Also shown in (b) in

15'141532 respectively. In the unphosphorylated
form of the complex, His 189 makes no contacts

gold are the side chains of His 189 of EIN and His 15' of HPr. Residues 1-250 of EIN and
1-85 of HPr are displayed.

with HPr, and the N€2 atom of His 189 accepts a
hydrogen bond from the hydroxyl proton of Thr
168, just as it does in free EIN7#, so that it is directed away from
the N1 atom of His 15" at a distance of ~8.2 A. Unfortunately,
the phosphorylated state of the complex cannot be investigated
by NMR since it is not sufficiently stable and long lived.
Nevertheless, the present results can be readily used to model
the transition state. Isotope labeling experiments have shown
that odd and even numbers of phosphoryl transfer steps result
in inversion and retention, respectively, of the configuration of
the phosphorus?®, consistent with a transition state comprising
a pentacoordinated 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®*.
To model the transition state, we therefore proceeded as fol-
lows: we removed the intramolecular NOE between the side
chain of His 189 and the methyl group of Thr 168 and the X,
restraint of 90 + 30” for the side chain of His 189; a phosphoryl

168

group was added to the coordinates halfway between His 189
and His 15', and covalent geometry restraints were added for
the Ne2(His 189)-P and N&1(His 15')-P bonds (set to 2 A) and
the trigonal bipyramidal geometry at the phosphorus.
Simulated annealing was then carried out using all the other
experimental NMR restraints, and an ensemble of 40 structures
was calculated. The precision of the resulting coordinates
(~0.5 A for the backbone) and the agreement with the experi-
mental NMR restraints are the same as that of the EIN-HPr
complex in the absence of phosphorus (Table 1), and the over-
all backbone atomic r.m.s. shift between the two sets of mean
coordinates (with and without the phosphorus) is only 0.38 A,
which is well within the precision of the coordinates (Fig. 4a).
A superposition of the two restrained regularized mean struc-
tures comprising helices 5 and 6 of EIN and helix 1 of HPr is
shown in Fig. 4b, and a detailed view of the active site in the
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Fig. 3 EIN-HPr interactions. a, Stereo view
of the EIN-HPr interface. The backbones of
EIN and HPr, depicted as a ribbon diagram,
are shown in blue and dark green, respec-
tively; the side chains of EIN and HPr are
shown in red and light green, respectively;
and His 15' of HPr is shown in gold. Residues
of EIN and HPr are labeled in red and green,
respectively. b, Summary of electrostatic
(top) and van der Waals (bottom) interac-
tions between EIN and HPr. The red lines
indicate interactions between helix 1 of HPr
and helix 4 of EIN, the green lines between
helices 1 and 2 of HPr and helices 2 and 2' of
EIN, and the blue lines between helix 2 of
HPr and helices 3 and 4 of EIN. The dashed
red lines for the electrostatic interactions
represent side chain-backbone hydrogen

bonds.
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putative transition state is depicted in Fig. 4c. The only signifi-
cant structural change required to form the transition state
involves the X, side chain conformation of His 189 which flips
~120° from the g* to the g~ rotamer, thereby permitting the Ne2
atom of His 189 to come into close proximity (4 A) to the N1
atom of His 15" (Fig. 4b). This is accompanied by a concerted
lateral rigid body displacement of helices 5 and 6 in opposite
directions resulting in a small increase of ~1 A in their interhe-
lical separation, which can be attributed to a combination of
steric clash between the Ce1-Hel group of His 189 and the Oyl
atom of Thr 168 and the pulling effect on helix 6 exerted by the
linear arrangement of the Ne2(His 189)-P-N&1(His 15) atoms
with a 4 A separation between the two nitrogen atoms (Fig. 4b).
The X1 angle of His 189 and the X1/X2 of His 15 remain in the
same rotamer, albeit with changes in torsion angle values of
10-20". Thus the X1/X2 side chain torsion angles of His 189 and
His 15 change from 179 + 5°/81 + 6" and 74 £ 37115 + 6,
respectively, in the unphosphorylated complex to -157 £+ 1°/-
70 + 4" and 59 * 2°/136 + 2, respectively, in the transition state.
In addition, there are some very minor (5-10°) changes in the
backbone @/ torsion angle of His 189 and His 15 to accommo-
date the pentacoordinate phosphorus.

The pentacoordinate phosphorus in the transition state is
located at the bottom of a cleft formed by the N-terminal end
of helix 2 of EIN, helix 6 of EIN and the N-terminal end of
helix 1 of HPr (Fig. 4a,c). A number of electrostatic interac-
tions stabilize the transition state (Fig. 4c). Arg 17" of HPr,
which is known to be a crucial residue for phosphoryl trans-
fer3, neutralizes the negative charges arising from Glu 67 and
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Glu 68 of EIN which lie in close proximity to the phosphorus
(Fig. 4c). In addition, there are electrostatic interactions
between Lys 69 of EIN and the phosphate, and hydrogen bonds
from the backbone amide groups of Thr 16' and Arg 17" and
the hydroxyl group of Thr 16' of HPr to the phosphate. The
latter three hydrogen bonds are also observed in the uncom-
plexed form of phosphorylated HPr'4'>. Thus, from a structur-
al perspective, the transition state is stabilized in favor of
phosphorylated HPr relative to phosphorylated EIN. In addi-
tion, phosphorylation of EIN destabilizes EIN, reducing its
melting temperature by ~6 “C?¢, presumably in part due to the
loss of the hydrogen bond between His 189 and Thr 168, which
would also favor phosphoryl transfer from EIN to HPr. Both
factors could be important in stimulating the appropriate
phosphotransfer flow in the PTS.

Specificity of phosphotransfer

Although the sequence similarity among the various EIs and
HPrs is high, there is considerable specificity in the EI-HPr
interaction. The rate of cross-phosphotransfer from EI to HPr
between the EIs and HPrs from E. coli and B. subtilis is ~5%
that of the homologous reactions®’. Further, the rate of phos-
photransfer from E. coli EI to Mycoplasma capricolum HPr is
only 10% of that using E. coli HPr*. Removal of the C-termi-
nal domain of EI results in a relaxation of this species specifici-
ty>. Consequently, the contribution of the individual
intermolecular contacts observed in the EIN-HPr complex to
the interaction of intact EI with HPr as well as to the species
specificity can be evaluated.
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An alignment of the sequences of the HPrs and Els from
E. coli, B. subtilis and M. capricolum in the regions involved in
the E. coli HPr-EIN interaction (Fig. 5) shows several con-
served residues (shaded in red). A number of residues are
absolutely conserved in the three species. This includes
residues directly involved in the EIN-HPr interface (His 15/,
Arg 17', Lys 45', Ser 46' for HPr; Ile 72, His 76, Asp 82, Tyr 122,
Arg 126 and Asp 129 for EIN). In addition, there are residues
(Gly 13', Pro 18" and Ala 26' for HPr; Gly 66, Lys 69, Phe 73,
Lys 125, Glu 125 and Ala 128 for EIN) that are conserved but
not directly involved in the EIN-HPr interface. Gly 13" and Ala
26' of HPr and Gly 66 and Phe 73 of EIN play a structural role:
the two glycine residues are located in turns, and the other two
residues are internal hydrophobic residues. Pro 18" of HPr
packs directly against His 15" and is presumably important in
stabilizing the orientation of His 15' for optimal phoshoryl
transfer. Lys 69 of EIN is important for stabilizing the phos-
phoryl group both in phosphorylated EIN and in the EIN-HPr
phosphoryl transition state complex (Fig. 4c). Lys 124, Glu 125
and Ala 128 of EIN form a contiguous patch on the surface of
helix 4 facing away from the interface with HPr. It is conceiv-
able that these residues are necessary for the autophosphoryla-
tion activity of EL

170

Fig. 4 The transition state. a, Overall superposition of
the backbone coordinates of the unphosphorylated
EIN-HPr complex and the transition state. b, Detailed
view showing a superposition of helices 5 and 6 of EIN
and helix 1 of HPr in the unphosphorylated EIN-HPr
complex and in the transition state, illustrating the
change in conformation of His 189 of EIN and His 15' of
HPr, and the lateral displacement of helices 5 and 6 of
EIN. ¢, Detailed view of the active site illustrating the
putative transition state. The phosphorus atom in the
transition state is pentacoordinate with trigonal bypyra-
midal geometry; the Ne2 atom of His 189 of EIN and Nd1
atom of His 15 of HPr are located in apical positions and
separated by 4 A, while the three oxygen atoms lie in
the equatorial plane. The color coding is as follows. In
(a) and (b) the backbone of EIN and HPr are shown in red
and yellow, respectively, in the unphosphorylated com-
plex, and in blue and green, respectively, in the transi-
tion state; His 189 and His 15 are shown in light blue in
the unphosphorylated complex and in purple in the
transition state with the ring nitrogens of His 189 and
His 15 represented as blue balls, and the ring carbons of
His 189 and His 15 as grey balls; the phosphoryl group is
shown in yellow. In (c), the backbones of EIN and HPr,
H6 displayed as tubes, are shown in blue and dark green,
respectively; the side chains of EIN and HPr are shown in
red and light green, respectively; and the phosphoryl
group is shown in yellow. Residues of EIN and HPr are
labeled in red and green, respectively.

1192

Many residues involved in the EIN-HPr interface are subject to
conservative substitutions in the three species (Leu 14', Thr 16',
Ala 20", Phe 22', Val 23", Leu 47' Phe 48', Leu 50', Thr 52', Leu 53/,
Gly 54" and Leu 55' of HPr, and Glu 67, Glu 68, Gly 75, Leu 79,
Leu85Ala112,Leu115,Leu 118, Leu 123 and Val 130), support-
ing the importance of these residues for the binding of HPr to
EIN. In contrast, there are some residues (Gln 21', Lys 24', Lys
27', Lys 49', Gln 51" and Thr 56' of HPr and Ala 71, Glu 74, Met
78, Glu 84, Ile 108 and Gln 111 of EIN) that participate in the
EIN-HPr interactions but are not well conserved throughout the
three species. In some cases, the non-conservative substitution is
likely to improve the stability of the complex; such as is the case,
for example, with the substitution of Gln 21' by Val, and of Gln
111 by Phe or Tyr which would be predicted to increase the
strength of the hydrophobic interactions at the interface. In
other cases the substitution is likely to decrease the stability of
the complex through loss of either a hydrophobic (for example,
Ile 108 to Ser) or electrostatic (for example, Lys 27" to Ser) con-
tact. Finally other substitutions are likely to have a neutral effect;
for example, the substitution of Gln 51' by Met will remove the
electrostatic interaction with Arg 126 but will enhance the
hydrophobic interactions with Leu/Phe/Tyr 115, Leu/Met 118
and Arg 126.

nature structural biology ¢ volume 6 number 2 « february 1999
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Fig. 5 Sequence comparison of HPrs and Els from E. coli, B. subtilis and M. capricolum around the regions associated with the EIN-HPr interface.
Residues shaded in red are conserved and in green are conservatively substituted. The sequence numbering corresponds to that of the E.coli pro-
teins. The filled-in (above the sequences) and open (below the sequences) circles designate residues involved in electrostatic and hydrophobic inter-

actions, respectively, at the EIN-HPr interface.

The analysis of the electrostatic interactions (Fig. 3b), together
with the sequence alignments (Fig. 5), may provide insight into
the specificity for phosphotransfer from EI to HPr observed in
intact E. coli EI which is relaxed in E. coli EIN®. Thr 16' of E. coli
HPr is replaced by Ala in both M. capricolum and B. subtilis®,
resulting in loss of both the Asp 129-Thr 16' interaction, as well
as the postulated hydrogen bond between the hydroxyl of Thr 16'
and the phosphoryl group in the transition state. The Asp 82—Lys
27' interaction is eliminated by conversion to Ser 27'. The same
holds true for the Glu 84-Lys 49' salt bridge when Lys 49' is con-
verted to Gly 49" or Asn 49'. In the absence of the C-terminal
domain of E. coli EI, these interactions are apparently dispens-
able. However, with intact E. coli EI, they may be essential and
responsible for the observed species specificity with the full-
length E. coli protein.

Finally, the side chain—backbone hydrogen bonds involving
Arg 126 and Tyr 122 of EIN and Leu(Ile) 14' of HPr, and the salt
bridges between Glu(Gln) 67 and Glu(Asp) 68 of EIN and Arg
17" of HPr are essentially conserved in all three species and are
likely to be crucial for phosphotransfer activity.

In summary, the structure of the EIN-HPr complex has delin-
eated the specific electrostatic and hydrophobic interactions at
the intermolecular interface and has permitted the evaluation of
critical specificity features of the first protein—protein interac-
tion of the PTS.

Methods

Sample preparation. EIN (1-258 + Arg) and HPr were expressed,
purified and isotopically labeled with >N (>95%), 3C (>95%) and
2H (>85%) as described previously82'. Samples for NMR contained
~1 mM 1:1 EIN-HPr complex in 10 mM phosphate buffer pH 7.0.
The following samples were employed (only the presence of 2H,
5N and 3C isotopes are indicated; if no H, C or N isotope is men-
tioned, then the sample contained 'H, 2C or N at natural iso-
topic abundance): EIN(2H,"SN):HPr, EIN('SN):HPr, EIN(2H,3C,"sN):HPr,
EIN(3C,">N):HPr, EIN: HPr(2H,"N), EIN:HPr('*N), EIN:HPr(2H,'3C,*N),
EIN:HPr(3C,"*N), EIN(2H,">N): HPr('3C), EIN(3C):HPr(2H,">N),
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EIN(3*C,">N):HPr(2H,'>N), EIN(2H,'SN):HPr(3C,"5N), EIN(2H,>N):HPr(2H,'>N),
and EIN("3C,>N):HPr(3C,">N).

NMR spectroscopy. All spectra were recorded at 40 °C on Bruker
DMX600 and DMX750 spectrometers. 'H, SN and '3C sequential
assignments were obtained using 3D double and triple resonance
through-bond correlation experiments on both protonated and
perdeuterated samples; 3) couplings were measured using quantita-
tive 2D and 3D J correlation spectroscopy; interproton distance
restraints were derived from multidimensional NOE spectra with
mixing times ranging from 50 to 75 ms2. 3D experiments used for
sequential assignments included HNCO, HNHA, HNCA, HNCACB,
CBCA(CO)NH, C(CCO)NH, d-HNCACB, d-CBCA(CO)NH, d-C(CCO)NH,
HBHA(CBCACO)NH, H(CCO)NH, HCCH-COSY and HCCH-TOCSY as
described in the structure determination of free EIN8. NOE experi-
ments included 3D 3C-separated, '>N-separated, '3C-separated/'2C-
filtered, '3C-separated/'>N-filtered and '>N-separated/3C-filtered
NOE spectra, 4D '3C/'N-separated, '>N/'>N-separated and '3C/'3C-
separated NOE spectra. Residual 'Dyy dipolar couplings were
obtained by taking the difference in the corresponding J splittings
measured in oriented (in ~23 mg ml-' colloidal suspension of fd
phage?®) and isotropic (in water) EIN:HPr complex (>N/2H labeled)
using 2D IPAP {"*N,"H}-HSQC experiments?. The precision of the
measured 'Dyy couplings was ~0.5-1.0 Hz. The magnitude of the
axial (-14.3 Hz) and rhombic (0.4) components of the alignment ten-
sor DNH was obtained by examining the powder pattern distribution
of dipolar couplings?'.

Structure calculations. NOE derived interproton distance restraints
were classified into four ranges: 1.8-2.7 A (1.8-2.9 A for NOE involving
an NH), 1.8-3.3 A (1.8-3.5 A for NOE involving an NH), 1.8-5.0 A and
1.8-6.0 A corresponding to strong, medium, weak and very weak
NOEs; an additional 0.5 A was added to the upper bound for NOEs
involving methyl groups, and distances involving non-stereospecifical-
ly assigned protons were represented by a (Zr¢)-"¢ sum®. Hydrogen
bonding restraints (two per hydrogen bond where ry;o = 1.5-2.8 A
and ryo = 2.4-3.5 A) were deduced from NH exchange experiments,
backbone NOEs, and backbone chemical shifts using standard criteria.
@and Y torsion angle restraints were derived from 3J,, coupling con-
stants and a database analysis of backbone (N, HN, Ca, CB, C', Ha)
chemical shifts using the program TALOS (G. Cornilescu, F. Delaglio
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Table 1 Structural statistics’

<SA> (SA)r
R.m.s. deviations from interproton distance restraints (A)2
Intramolecular (2,284/889) 0.038 £ 0.001 0.038
Intermolecular (110) 0.084 + 0.005 0.086
R.m.s. deviations from intramolecular hydrogen bond restraints (A) (236/68)2 0.033 + 0.003 0.039
R.m.s. deviation from intermolecular salt bridge restraints (A) (6)3 0.028 + 0.026 0
R.m.s. deviations from dihedral restraints (°) (768/170)2 0.161 + 0.066 0.128
R.m.s. deviations from 3J,,,, coupling constants (Hz) (-/34)2 1.00 + 0.04 1.08
R.m.s. deviations from secondary '3Ca,3C shifts (p.p.m.) (503/162) 1.14 + 0.01 1.13
R-factor for residual dipolar coupling restraints (%) (165/79)* 3.3+0.1 3.3
Deviations from idealized covalent geometry
bonds (A) (4 045/1 300) 0.003 + 0.000 0.005
angles (deg.) (7373/2 363) 0.489 = 0.007 0.595
impropers (deg.) (1 954/635) 0.566 = 0.015 0.618
Measures of structure quality
E,, (kcal mol-")> -1,496 = 17 -1,425
PROCHECKS®
Residues in most favourable region of Ramachandran plot 89.7+0.9 89.8
No. of bad contacts per 100 residues 5.6+0.9 4.8
Coordinate precision (A
backbone (N, Ca, C', O) 0.55 + 0.07
All non-hydrogen atoms 0.84 + 0.05

"The notation of the NMR structures is as follows: <SA> are the final 40 simulated annealing structures; SA is the mean structure obtained by aver-
aging the coordinates of the individual SA structures best-fitted to each other (residues 1-250 of EIN and 1-85 of HPr); (SA)r is the restrained regular-
ized mean structure obatined by restrained regularization of the mean structure SA. The number of terms for the various restraints is given in
parentheses (the first and second numbers refer to EIN and HPr, respegtively).

2None of the structures exhibited interproton distance violations >0.5 A, dihedral angle violations >3°, or 3J,\, coupling constant violations >2 Hz. The
intramolecular NOE derived interproton distance restraints comprise the following interresidue sequential (li - jl = 1), medium range (1 <li - jl < 5) and
long range (li - jl > 5) NOEs and intraresidue NOEs: 746, 517, 537 and 486, respectiyely, for EIN; anq 274,167, 246 and 202, respectively, for HPr. Protein
backbone hydrogen bonding restraints (two per hydrogen bond, ryy.0 = 1.5-2.8 A, ryo = 2.4-3.5 A) were introduced during the final stages of refine-
ment according to standard criteria. It should be noted that the torsion angle restraints serve principally to aid convergence of the simulated anneal-
ing protocol since, in general, the torsion angles for the ensemble of simulated annealing structures lie well within the error bounds of the torsion
angle restraints.

3Six ambiguous distance restraints, represented by (Zr-6)-"6 sums, were added during the final stages of refinement for salt bridges identified using
the criteria described in ref. 27.

4The R-factor for the residual dipolar couplings is defined as the ratio of the r.m.s. deviation between observed and calculated values to the expect-
ed r.m.s. deviation if the vectors were randomly oriented. The latter is given by {2D,2[4+3R?]/5}'2 and for an infinite number of measurements is
exactly equal to (2ZD,,2) "2, where D, is the magnitude of the axial component of the alignment tensor, R the rhombicity, and D, the observed val-
ues of the dipolar couplings®. The values of D, and R for the one-bond '5N-'H dipolar couplings, obtained directly from the powder pattern distribu-
tion of the measured dipolar couplings?, are -14.3 Hz and 0.4, respectively.

5The Lennard-Jones van der Waals energy was calculated with the CHARMM PARAM19/20 parameters and is not included in the target function for
simulated annealing or restrained regularization.

6The overall quality of the structure was assessed using the program PROCHECK“6. There were no @/y angles in the disallowed region of the
Ramachandran plot. The dihedral angle G-factors for @/, X1/X2, X1, X3/Xs are 0.08 £ 0.03, 0.59 + 0.04, 0.18 + 0.07 and -0.01 + 0.07, respectively. The con-
formational database potential does not affect the precision of the resulting ensemble of structures but serves to bias sampling during simulated
annealing refinement to conformations that are likely to be energetically possible by effectively limiting the choices of dihedral angles to those that
are known to be physically realizable?’.

"Defined as average r.m.s. difference (residues 1-250 of EIN and 1-85 of HPr) between the final 40 simulated annealing structures and the mean coor-
dinates. Residues 251-259 of EIN are disordered in solution.

and A. Bax, pers. comm.), which is based on a data base of residue Coordinates. Coordinates for the final 40 simulated annealing
triplets correlating @,wangles (determined from high resolution X-ray structures, the corresponding restrained regularized mean struc-
structures) and their corresponding backbone secondary shifts. x; and  ture, and the restrained regularized mean structure of the putative
X, torsion angle restraints were derived from analysis of heteronuclear transition state, together with a complete list of experimental NMR
3Jce, 3Iney @nd 2Jeocy couplings and NOE/ROE experiments?. Structures  restraints have been deposited in the Protein Data Bank (accession
were calculated by simulated annealing?® using the program CNS*. The codes 3EZA, 3EZB, 3EZC, 3EZD, R3EZAMR).

final values for the force constants employed for the various terms in

the target function employed for simulated annealing are as follows:
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