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Abstract

The amino terminal domain of enzyméresidues 1-258- Arg; EIN) and full length enzyme (575 residues; Blhar-

boring active-site mutationd1189E, expected to have properties of phosphorylated forms, and H18%A been pro-
duced by protein bioengineering. Differential scanning calorimé@$C) and temperature-induced changes in ellipticity

at 222 nm for monomeric wild-type and mutant EIN proteins indicate two-state unfolding. For EIN proteins in 10 mM
K-phosphatgand 100 mM KCJ at pH 7.5,AH = 140+ 10 (160) kcal mol™* andAC, = 2.7 (3.3 kcal K~* mol 2.
Transition temperatured,,,) are 57(59), 55 (58), and 53(56) °C for wild-type, H189A, and H189E forms of EIN, re-
spectively. The order of conformational stability for dephospho-His189, phospho-His189, and H189 substitutions of EIN
atpH 7.5is: His> Ala > Glu > His-PQ;2~ due to differences in conformational entropy. Although H189E mutants have
decreased, values for overall unfolding the amino terminal domain, a small segment of stru8titord 2% is stabilized

(T ~ 66—68°C). This possibly arises from an ion pair interaction betweemtioarboxyl of Glu189 and the-amino

group of Lys69 in the docking region for the histidine-containing phosphocarrier protein HPr. However, the binding of
HPr to wild-type and active-site mutants of EIN and El is temperature-indepefetgnapically controllegwith about

the same affinity constant at pH 7.&4 = 3 + 1 X 10° M ~* for EIN and~1.2 X 10° M~ for EI.
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EDTA, ethylenediaminetetraacetic acid.
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The bacterial phosphoenolpyruvateEP:sugar phosphotransfer- and enzyme |. The implications of these findings on phospho-
ase system couples the phosphorylation and translocation of sugransfer to HPr are discussed.

ars. The PTS is composed of two cytosolic protéerszyme | and

HPr) and sugar-specific componerienzymes I). PEP is the phos-

phoryl group donor in a M§"-dependent autophosphorylation of Results

enzyme | on the N3 atom of His189. Phospho-enzyme | reversibly

transfers its phosphoryl group to the N1 atom of histidine 15 ofjomogeneity, size, and shape of EIN, and active-site mutants
HPr (Meadow et al., 1990 Phosphorylated HPr can donate its ] ) o )

phosphoryl group to sugar-specific, membrane-associated enalyses of sedimentation equilibrium da.ta obtained as before
zymes |1, which ultimately phosphorylate various sugd®estma  (Nosworthy et al., 1998have shown that wild-type EIN and the
et al., 1996. active-site mutant proteins E(M189A) and EIN(H189E) are mo-

The amino terminal domain d&scherichia colienzyme I(EIN) nomeric with molecular weights within 3% of those calculated
has been cloned and purified by Seok et (@998 who dem- from amino acid composition§~28,300 M,). In sedimentation
onstrated, in agreement with the results of LiCalsi et(#897), velocity experimentsusing a capillary synthetic boundary center-
that EIN can be reversibly phosphorylated in vitro by phospho-Piece at 40,000 rom and 200), the proteins sedimented as ho-
HPr but is not autophosphorylated by PEP. X-ray crystallo-Mogeneous species with corrected sedimentation coefficggiis:
graphic (Liao et al., 1996 and NMR solution(Garrett et al., 2:6+0.1S, corrgspondilng to ca.lculated.Stoke.s radii oftZlZA..
19974 structures of EIN show that the nonphosphorylated, active-The latter value is consistent with the dimensions of 32 A diam-
site His189 is buried near the interface between two sub&terx 78 Alength for the EIN ellipsoid found by X-ray crystal-
domains: ana/B-domain (residues 1-20 and 148-23&nd an lography(Liao et al., 199§ assuming random tumbling of EIN in
a-domain (residues 33—143consisting of four helices arranged the centrifugal field.
in two hairpins. Upon phosphorylation, His189 rotates toward
the surface with only small structural changes dete¢@airrett . . )
et al., 1998 Thermal unfolding of wild-type and mutant EIN proteins

A solution structure of the 37,4604, complex between |n DSC studies at scan rates of 30 and°6ph, the unfolding
dephospho-EIN and HPr, solved by NMR spectroscépgrrett  reactions of wild-type and active-site mutants of EIN are revers-
et al., 1999, shows a surface complementation between H2jble. DSC profiles for first scans and corresponding fits of each
H2', H3, and H4a-helices in thea-subdomain of EIN and he-  data set to a two-state model of unfoldifgith AC, = 2.7 kcal
lices 1 and 2 of HPr with little disturbance of either protein K -1 mol~2) for dephospho-EIN, EIH189A), and EIN(H189E)
structure. Recent isothermal titration calorimetry experiments demin 10 mM K-phosphate, pH 7.5 buffer are shown in Figure 1.
onstrate that HPr binds to the isolateehelical domain of en-  Supstitution of Ala or Glu for His189 decreases the thermal sta-
zyme | but not to a deletion mutant of enzyme | lacking that pjlity as demonstrated by decreases of maxima in the excess heat
domain(Zhu et al., 1998 capacity plots of the main thermal transitions. The order of overall

Chauvin et al(1996 have cloned and purified a slightly longer
EIN construct(residues 1-268 with a C-terminal Cys adygedd
reported similar binding parameters for the interactions of HPr
with this EIN construct and intact enzyme |. Thermodynamic pa-
rameters determined for reversible, two-state thermal unfolding of
nonphosphorylated ElXeither 1-258-Arg or 1-268+Cys) agree
(Chauvin et al., 1996; Nosworthy et al., 1998

Phosphorylation of the active-site His189 destabilizes both EIN
(1-258+Arg) and the amino terminal domain of intact enzyme | 10
(Nosworthy et al., 1998 This finding together with that of Van
Nuland et al.(1995 that phosphorylation destabilizes HPr sug-
gests that a unidirectional transfer of the phosphoryl group of PER-
to enzyme |, HPr, enzymes Il, and finally, irreversible transfer tof
sugars is favored. §

Since the phosphoryl group on His189 of EIN or enzyme |I=—_
hydrolyzes during thermal unfolding studies, protein engineering®
has been used to make H189E mutants of EIN and enzyme |
that are expected to have properties of phosphorylated forms. -10
The H189A mutant of EIN also has been produced and studied.
This is an approach suggested by Huffine and Sch@l&96 ) ! ) | ) . ) L
who substituted negatively charged Asp for serine 46 and Glu 30 40 50 60 70
for His15 of HPr fromBacillus subtilisto mimic phosphorylated Temperature (°C)
forms. This communication reports the hydrodynamic properties,
thermal stability, and interactions with HPr of wild-type EIN, Fig. 1. Representative DSC scans for wild-type and active-site mutants of
EIN(H189A), EIN(H189E), El, and E(H189E). Although the EIN (;L—_258|-Arg) made from 10—-80C at 60°C/h scan rate and 1 nﬂg]L
transitic_)n temperature for overall unfoldin_g the H189E mutantﬁvﬁﬁig‘pg‘Q&T.“ﬂ,ﬁmfjfggﬁ’(gﬁ gfdbgﬁhIé%g?tfftg);?hgrrovf\lllitehs o
of EIN is lower than that for H189A and wild-type EIN, a small g fit of each data set to a two-state model of unfolding wit, = 2.7
segment of structure is stabilized in H189E mutants of both EINkcal K"*mol™ (—.

mol-1)
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conformational stability of EIN proteins was H183EH189A < EIN(H189F) also manifests &, increase to~68°C in the pres-
H189, with T,,, values of 53, 55, and 5T, respectively. ence of 100 mM KCI.

An additional small endotherm with &, value of ~66°C is The reversible thermal unfolding of wild-type and active-site
always present in DSC scans of EMIL89E), both before and mutant EIN proteins in 10 mM K-phosphate, pH 7.5 buffer has
after analytical gel filtration through Superose-12. Further evi-been monitored by equilibrium CD measurements at 222Fig 2).
dence that the small endotherm at’66observed with EINH189E) Ellipticity changes are given after 15 min at each temperature, well
is not due to an impurity is the fact that it also is present in DSCafter CD changes were complete. Progress curves of ellipticity
scans of the full length EH189E) mutant protein(see below. changes at 222 nm as a function of increasing temperature are
The small endotherm with,, ~ 66°C of EIN(H189E) is 3% of the =~ shown by the solid symbols in Figure 2A—C. Ellipticity changes
area of the main transition. Possibly, an ion pair interaction behave also been measured during cooling freri0°C, and the
tween they-carboxyl of the glutamyl residue and a basic side- open symbols in Figure 2A—-C show CD measurements at 222 nm
chain group in its vicinity stabilizes a small segment of the EIN after completion of time-dependent CD changes at each tempera-
structure(see below. ture. Some hysteresis occurs during cooling, which is not surpris-

To assess possible shielding effects at higher ionic strengthsng when taking into account the time that each protein sample is
DSC experiments have been repeated for dephospho-EINgxposed to high temperatures. The fit of each equilibrium CD data
EIN(H189A), and EINH189E) in 20 mm K-phosphate buffer set obtained during temperature increases to a two-state model of
(pH 7.5 in the presence of 100 mM KCI. The conformational unfolding is shown by the solid line in Figure 2A, 2B, or 2C. The
stability of all three proteins is increased under these conditionparameters of the fit in each case are given in Table 1. The dashed
and the differences between tfig values of wild-type and mu- line in Figure 2 is drawn througf,, values. The equilibrium CD
tant EIN proteins are decreasddable 1. In all cases, first data indicate that the secondary structure of EHIMB9E) is ~2°C
scans in the presence of 100 mM KCI give excellent fits to aless stable than that of EIM189A), which itself has &I, value
two-state model of unfolding with\C, = 3.3 + 0.3 kcal K™* ~2°C lower than that of wild-type EIN. Note that the post-
mol~! and little scan rate dependence. The parameters obtainedansitional high-temperature CD measurements for(EINS9E)
from fitting DSC data for wild-type and mutant EIN proteins to
a two-state unfolding model are given in parentheses in Table 1.

The small, high-temperature endotherm4 kcal molt) for

Table 1. Summary of thermodynamic parameters for two-state
unfolding of EIN at pH 7.5

T AH
EIN (°C) (kcal mol™1) Method ~
Dephospho-EIN  56.669.4 152(158) DSC(60°C/h) g
56.9(59.0 149(159 DSC(30°C/h) N
55.9 127 Equil. CH =
(@]
Phospho-EIN 50.253.5 130(136) DSC(60°C/h)° >
EIN(H189A) 55.8(57.9 143(153 DSC(60°C/h) >
55.4(57.6 144(156) DSC(30°C/h) =

54.0 118 Equil. CDH e

EIN(H189B) 53.7(56.7) 135(153 DSC(60°C/h) s

53.3(56.4 138(160) DSC(30°C/h) _§
52.1 128 Equil. CD Q,

2EIN, amino terminal domain of enzymegfesidues 1-258Arg) with
His189 being the site of phosphorylation or mutation by substitution of Ala
(H189A) or Glu (H189E). Protein concentrations werel mg/mL in
10 mM K-phosphate, pH 7.5 for DSC and CD measuremémsparen-
thetical values An average value fakC, = 2.7+ 0.3 kcall K 1 mol~twas
estimated from DSC profile®btained at scan rates of 80/h) and was
used as a constant value for fits of equilibrium CD data as a function of
increasing temperature to a two-state model of unfolding. Average values Temperature (°C)
of Ty (£0.2°C) andAH (%5 kcal mol?) are from 2-3 DSC experiments
at 60°C/h scan rate or 1-2 DSC at 30/h; values in parentheses were Fig. 2. Equilibrium CD measurements at 222 rafter time-dependent
obtained in the presence of 20 mM K-phosphate, pH 7.5, 100 mM KCl withchangesas a function of increasinglosed symbolsor decreasing tem-
and without the addition of 1 mM EDTA, under which conditions a value peraturgopen symbolswith 1 mg/mL EIN protein in 10 mM K-phosphate,
of AC, = 3.3+ 0.3 kcal K'* mol~! was obtained(Results were the same pH 7.5 buffer. CD data fo(A) wild-type EIN, (B) EIN(H189A), and

with or without 1 mM EDTA in buffers. (C) EIN(H189E), respectively, are measured during heating from 20 to
bCD monitored at 222 nm until ime-dependent changes were complete-70°C and during subsequent cooling frorv0 to 20°C. The solid line
(see Fig. 2 in each case is the fit of the CD data during temperature increases to a

°From Nosworthy et al(1998 and the present study with 90-94% two-state model of unfoldingwith AC, = 2.7 kcal K" mol~]. The dashed
phosphorylated EIN. line is drawn throughry, values for the three proteins.
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compared to those for wild-type and EIN189A) suggest small T " T " T
additional secondary structural changes.

All T, values are lower in equilibrium CD measuremetds
zero scan rajghan in DSC measurements at a scan rate 6€30
(Table 1), suggesting that the latter scan rate is still too fast for
complete equilibrium to be reached at each temperature. For CD
measurements in a continuous mode as a function of increasing
temperature at either 30 or 80/h, T,,andAH values are the same
as obtained from DSC at the same scan rate within experimental
error (data not showpn which indicates that temperature calibra-
tions for both instruments agree.

Thermodynamic parameters for the two-state unfolding of the
wild-type and H189A and H189E EIN proteins are summarized in 1 ‘ ‘ ‘ L
Table 1. EINH189E) has a lower overall stability than has wild- 20 40 60 80
type, nonphosphorylated EIN even though a small segment of
structure is stabilized in this mutant protesee above The Ty,
value of 50°C for phosphorylated EIN in 10 mM K-phosphate, Fig. 3. six consecutive DSC scans of wild-type E(Nmg/mL in 10 mM
pH 7.5 reported previouslyNosworthy et al., 1998and con-  K-phosphate, pH 7.5 buffefrom 10 to 8C°C at a rate of 66C/h with
firmed in the present study is lower than that measured forl5 minequilibration at 16C between scans. The first, second through fifth,
EIN(H189B). Increasing ionic strength increases the conforma-and sixth scans are shown by the heavy solid, thin solid, and dashed lines,
tional stabilities of wild-typegdephospho- and phospho-fornand respectively.
mutant EIN proteins. Also, the value afC, is increased from 2.7
to 3.3 kcal K'* mol~?! by the addition of 100 mM KCI. Th&,,
values of phospho-EIN and E[M189EF) are increased-3°C, as ) ) ]
compared to~2°C for wild-type and EINH189A), by the pres- small, hlgh-temperaturg shoulder. in each case representing the
ence of 100 mM KCI, which suggests that neutral salt has arfl®Phospho-amino terminal domain. Wherea80% phosphory-
increased shielding effect in cases in which negative charges ajgted EIN could be _|solated by rapid gel flltratlon_m the absence of
introduced into the active site. Unfolding enthalpies afecalg, ~ KCl, much lower yields of phospho-El are obtained by the same
which is in the range of 5-9 cAj at 5C°C measured for the treatmgnt(data npt shown The unfolding of the phosphorylgted
unfolding of small globular proteirlakhatadze & Privalov, 1994  N-terminal domain of E{Ty, = 50.2°C) masks that of the C-terminal

The thermal unfolding of EIN(wild-type or active-site mu- domain(Ty = 46.8°C). This is illustrated by showing the DSC
tants is completely reversible. However, repeatability of DSC Profile of dephospho-El under the same conditioRiy. 4; El &
scans is dependent on the time of equilibration at low temperaE'P)- ) .
tures (10 or 15°C) between scans. When 15 min at °@is The EI(H189E) mutant ShOWS unfolding transitions at 4&5),
allowed between DSC scans of EIN in 10 mM K-phosphate®2-8 (53.8, and 65(67) °C in the absencéand presence of
(pH 7.5, repetitive scans show an increasing broadening of thet00 mM KC)) at pH 7.5. Note that the post_-transmon endotherm
endotherm below the transition temperature with isotemperature®’ EI(H189B) with Ty, of 65-67°C is considerably larger than
of 54.3 and 64.4C, and a decreasing amplitude of the main that observed for EIRH189B), representing~20 and 3% of the
endotherm(Fig. 3. Pre- and post-transitional base lines andareas for N-terminal domain unfolding, respectivefygs. 1, 4.
total areas are unchanged from those obtained in the first scadhus: the C-terminal domain in BH1895) appears to augment
The changes observed in repetitive scans shown in Figure 3 af@€ Stabilization of a structural segment that unfolds~#0—
more pronounced when 100 mM KCl is presémata not shown ~ 70°C. The area of the endotherm centered-#3-54°C for
Together, the results obtained with 15 min equilibration ata0 N-términal domain unfolding in EH1895) [AH = 130 kcal

T : .
between scans suggest that an equilibrium refolding intermediat®0! "1 is decreased proportionately to the increased area of the
accumulates. When equilibrium times at 10 or°C5between post-transition endotherniT,, = 65—-67°C). This is consistent

repetitive DSC scans is increased ¥l h, DSC profiles are With the segment of structure stabilized in(BIL89E) being a

completely reproducible. Thus, the complete refoldiagd pos-  Part of the N-ter_n_nnal domain.

sible annealingof thermally unfolded EIN requires longer times _ 1 he post-transition endotherms at 60-Zf EIN(H1898F) and

than does equilibration of the VP-DSC instrument. EI(H189E) are not obgerved with phosphorylat_ed forms of EIN
and EI. Yet, it seems likely that a small population of phosphory-

. lated EIN or El(that is undetected in DSMave the same segment

Thermal unfolding of phospho-EIN, phospho-enzyme |, of structure stabilized as exhibited by HINL89E) and E(H189E).

and EI(H189E) If so, this has important implications for phosphotransfer to HPr

DSC scans of phosphorylated forms of EIN and El are comparedisee below

to those of E(H189F) at low and high ionic strength, pH 7.5 in

Figure 4. The phosphoryl group on His189 is stabilized by the . ) ) )

presence of 100 mM K@land the DSC profiles in Figure 4 show 'ntéractions of wild-type and active-site mutants

that more than 90% of EIN and EI are phosphorylated with the®f EIN with HPr

The binding of HPr to EIN has been studied by titration calorim-

5The phosphoryl group on His189 of EIN or enzyme I, in particular, was etry at 16 and 30C at pH 7.5. The binding paramete(i4 and
stabilized by the presence of 100 mM KCl in pH 7.5 bufferss@0°C. AH) for titrations of EIN proteins with HPr at 303 K are given in

Cp (kcal K-1 mol-1)

Temperature (°C)
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Table 2A. Within experimental errors, dephospho-EIN and active-
site mutants of EIN had the same affinity consteéfif = 3 +£ 1 X

10° M 1) and enthalpy valu¢gAH = +6 + 1 kcal mol?) for
binding HPr at 303 K. Enthalpic changes on binding HPr to EIN
proteins are similar at 289 and 303(Kata not shown Thus, the
binding of HPr to EIN is entropically controlled withS = +45
cal K"t mol~t at 303 K. The apparent association constant &f 3
10° M~ for HPr binding to wild-type EIN at 303K is about
twofold higher thanK, values at 298 and 313K reported previ-
ously (Chauvin et al., 1996; Garrett et al., 1997b
After adding approximately a two- to threefold molar excess of
HPr to EIN in ITC experiments, recovered EIN and HPr mixtures
have been scanned in DSC at a rate of@(h. Values ofT,, for
EIN proteins in the absend@&;,) and presenc€Tl,) of the indicated
free concentration of HPr are given in Table 2A. In the absence of
EIN under the conditions used for obtaining the data in Table 2,
- HPr hasT,, = 63.3°C and an unfolding enthalpy of 75 kgahol at
pH 7.5. However, at the low free concentrations of KHRR5 uM )
present in titration mixtures of EIN and HPr, an endotherm for free
HPr is not observedFig. 5. At ~20 uM free HPr, the EIN
proteins are stabilizee-3°C during thermally induced unfolding.
The effect of ligandL) or protein bindingwith T, = T, of EIN)
on the transition temperature for a two-state unfolding of a mac-
romolecule is directly related to the affinity constant for the ligand
(Becktel & Schellman, 1987; Brandts et al., 1988ssuming that
mL, solid, thick liné, dephospho-enzyme[El 0.22 mgmL, thin linel, ligand (HPr) cannot bind to EIN or the amino terminal domain of

and full length E(H189E) [0.18-0.22 mgmL] shown after subtraction of €nzyme | when this domain is unfolded, Equation 17 of Brandts
the instrument base line and normalization for concentration and scan rat€t al. (1989 can be applied:

Heavy and thin solid lines are for proteins at pH 7.5 in 20 mM K-phosphate

and 100 mM KClI; El and HH189F) dialysate buffer had 1 mM EDTA
added; dotted lines are for gel-filtered EIN-P and dialyzetHEBE) in

10 mM K-phosphate, pH 7.5. EI-P also was rapidly collected by gel fil-
tration. Deconvolution of DSC data for phosphorylated El andHEB9E)

in the presence of 100 mM KGHata not showngive: T,, = 46°C for
C-terminal domainsT,, = 50°C for phosphorylated N-terminal domain;
and T, = 53°C (AH = 130 kcal mol'?) for N-terminal domain with Glu
substituted for His189. In addition, B1189E) has a small endotherm
(~23 kcal molt) with T, = 67°C.

r lw keal K-' mol-

Cp (kcal K-1 mol-1)

EI(H189E)

1 A 1 L 1 . 1 A 1
30 40 50 60 70

Temperature (°C)

Fig. 4. DSC scans obtained at a rate of°@)'h for 94% phosphorylated
EIN [EIN-P, 1.0 mgmL], 90% phosphorylated enzyméHI-P, 0.48 mg

IN(1+ K [L]) = (AHo/R)(1/To — 1/Te)
- (Acp/R)(ln[TO/Tc] + Tc/Tofl) (1)

whereTy and T, are transition midpoints in the absence and pres-
ence of ligand L, respectivelyL] is the free concentration of
ligand (HP1); AH, is the experimental enthalpy change for thermal
unfolding EIN at midpointT, in the absence of HPrAC, is

Table 2. Binding of HPr to wild-type, dephospho-EIN, active-site EIN mutants, dephospho-enzyme |, and
EI(H189E) in 10 mM K-phosphate (pH 7.5), 100 mM KCI, and 1 mM EDTA

Ka (10° M) AH (kcal mol™)
[HPr]free To (K) T. (K) Calculated Binding AH®
Protein (1076 M)P (— HPp (+ HPy) 303K at To° HPr 303K atTy
A: DSC following ITC titrations of EIN proteins with HPr at 303K 2
EIN wt 17.4 332.6 335.0 3213 2.5 6+ 1 158
EIN(H189A) 23.8 331.0 334.1 2604 3.0 5+1 153
EIN(H189E) 21.8 330.0 333.3 3.205 3.8 7+ 1 153
B: DSC of dephospho-enzyme | and EI(H189E} HPr
El wt 21.0 320.6 331.¢ — 1.2 — 150"
EI(H189E 21.0 326.6 328.6' — 1.2 — 136!

aThe binding of HPr was 1.0 equiZIN in ITC at =30°C; the errors in the fits folKA and AH values from duplicate ITC
experiments at 3TC are indicated.

bValues ofKj at Ty from DSC data were calculated from Equatioiiske text and Fig.)5

“Values are from Table 1 at a scan rate of@ph.

4T, and T, are the transition midpoints in the absence and presence of HPr, respectively, for the N-terminal domaixHpfigl;
the unfolding enthalpy of the N-terminal domainTatin the absence of HPr.
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L A L of enzyme I(in either EIN or E) by phosphorylation of His189
(Nosworthy et al., 1998; present studieputs the order of con-
formational stability of the amino terminal domain with respect to
position 189 substitutions at pH 7.5 as HisAla > Glu > His-
PO52". The observed differences in stability can be attributed to
differences in conformational entropy sina€, and AH at the
same temperature for unfolding wild-type and active-site mutants
of EIN are the sam¢D’Aquino et al., 1996.

In the nonphosphorylated form, His189 of EIN is buried in a
cleft between ther anda /B subdomains and the solvent inacces-
sible N3 atom of His189 accepts a hydrogen bond from the hy-
droxyl of Thr168(Liao et al., 1996; Garrett et al., 1997a; Fig.)6A
For phosphorylation to occur, His18& the g™ conformation
rotates toward the surface and the N3 atom of the imidazole ring
(g~ conformation becomes bonded directly to phosphate and the
negative charge on the phosphate oxygen is stabilized by an ion
pair interaction with the side-chain of Lys&Sarrett et al., 1998

Since the hydrophobic cleft between subdomains of EIN con-
taining nonphosphorylated His189 will not accommodate a nega-
Fig. 5. DSC scans at 6@/h of EIN(H189A) in the absencesolid tive chargg(Liao et al., 1998, the substituted glutamate residue at
line) and presence of HPashed ling from 10 to 8C°C in 10 mM position 189 is expected to be in the “out” conformatiétig. 6B).
K-phosphate, 100 mM KCI, and 1 mM EDTA, pH 7.5 buffer. The con- |ndeed, the shielding effect produced by 100 mM KCI suggests

centrations of EINH189A) in the absence and presence of HPr were ) : :
0.0368 and 0.0282 mM, respectively, and that of HPr was 0.0465 thhat they-carboxyl group of Glu189 in EIRH189B is solvent

when present. The DSC data were corrected for the instrument baselif@ccessible as is phospho-HislBQ in phosphorylated EIN. _
and normalized for scan rate but not for protein concentrations. In the Glu189 conformation shown in Figure 6B, th@amino

group of Lys69 is~2.5 A from they-carboxyl oxygen of Glu189,

favorable for an ion pair interaction. A small segment of structure

is apparently stabilized by this ion pair interaction, as shown by a
the heat capacity change for the thermal unfolding of EIN proteinsmall endotherm at66°C (~4 kcal/mol) in DSC of EIN(H189E)
(3.3 kcal K"t mol™1); andRis the gas constant. Reiterative fitting at pH 7.5 and low ionic strengttFig. 1). EI(H189E) exhibits a
has been used for final adjustmenty EPr|s.. and the values of larger post-transition endotherm at 66-°68(~23 kcal mol™?),
Ka, the association constants calculated@irom Equation 1 for  and a proportionally lower enthalpy for N-terminal domain un-
HPr binding to the wild-type and active-site mutant EIN proteinsfolding, than does EINH189F) (Figs. 1, 4. Thus, the presence of
(see Table 2A, which also gives other parameters needed for thesiee C-terminal domain in full length EH189E), which is involved
calculation$. The values oK calculated aflp for HPr binding to  in dimerization, appears to augment the stabilization of a segment
EIN approximately agree with those measured at 303 K. This coref the N-terminal domain structure that unfolds-a60—70°C.
roborates the entropic nature of EIN-HPr protein—protein interaction. Although the phosphoryl group on His189 also~ig.5 A from

The stabilization of the amino terminal domain of enzyme | by thee-amino group of Lys69Garrett et al., 1998 DSC provides no

HPr binding also has been measured, and the results calculatedidence of a stabilized segment of N-terminal amino domain
from Equation 1 are given in Table 2B. In these experimentsstructure in phosphorylated EIN or El. Nevertheless, it is entirely
dephospho-EIl and EH189E) were scanned at 6€/h at 0.22  possible that this occurs but such conformations are not suffi-
mg/mL concentration in the absence and presence qildlfree ciently populated to be detected by DSC. The modeled phosphoryl
HPr. Under these conditions, the endotherm for HRy= 63°C), group on His189 of EIN is withi 6 A of acidic residues Glu125
when present, is clearly visiblemolar ratio of HPYEI = 6.8). and Aspl29Garrett et al., 1999and they-carboxyl group of the
Deconvolution of DSC data for both dephospho-El an¢LB9E) modeled Glu189 of EIN is withi 6 A of Glu125(Fig. 6B), which
in the absence and presence of HPr yigjcind T, values for the  will have overall destabilizing effects on protein conformations.
unfolding of the amino terminal domain in each case. The calcu- The substitution of Ala for His189 in EIN gives the same van
latedK4 value of 1.2x 10° M1 at ~53-56°C and pH 7.5 is the  der Waals radii as for the buried His189 without the imidazole ring.
same for dephospho-El and(E1189E) binding to HPr, whichisa Thus, EINH189A) should have an identical conformation to that
somewhat lower affinity constant than that measured for eitheshown in Figure 6A without the stabilizing hydrogen bond to the
dephospho-EIN or EIRH189E). hydroxyl group of Thr168. Also, a cavity will be formed that is
normally occupied by the imidazole ring, and water molecules are
expected to fill this cavity to satisfy hydrogen bonding to Thr168.
Both of these factors could explain the decreased conformational
The appreciable hydrolysis of the phosphoryl group bonded to Histability observed for EINH189A) relative to that of wild-type
189 of EIN or enzyme | during repetitive DSC scans led us toEIN. Note also that EINH189A), like the wild-type, dephospho-
study EIN(H189F) and EH189F) as stable analogues of phos- EIN, exhibits only one two-state unfolding transition.
phorylated forms. The overall conformational stability of the amino  The solution structure for the nonphosphorylated EIN:HPr com-
terminal domain of enzyme | is decreased by substituting Glu omplex shows that HPr interacts with H2, HHH3, and H4 of the
Ala for the active-site His189. These results, together with oura-subdomain of EINGarrett et al., 1997b, 1999The N-terminal
observations on the destabilization of the amino terminal domairend of H2 contains Lys69, which is stabilized by substitution of

Temperature (°C)

Discussion
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Fig. 6. Close-up stereo views of the EIN active site centeredfAnHis189 or(B) Glu189 using the coordinates from the X-ray
structure of Liao et al(1996. Selected side chains that have any atom of the residuenv@tAiof anyatom of Glu modeled at postion
189 are displayed. Color scheme for side chains: green, carbon; red, oxygen; blue, nitrogen; yellowA:silétive-site view of
wild-type EIN with the N3 atom of Higin the buriedg* conformation at a distance of 2.68 A from the oxygen of the hydroxyl group
of Thr168; dotted line shows this conta8: Active-site view with glutamate modeled into the structure in place of His189 in the
solvent accessiblg™ conformation(Garrett et al., 1998without energy minimization. Distance between thearboxyl oxygen of
Glu189 and the-amino group nitrogen is 2.5 A; a dotted line shows this modeled contact.
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Glu for His189(Fig. 6B) or possibly by phosphorylation of His189. verse mutagenic primer&9-merg$ encompassing the sequence
Thus, the segment of structure stabilized by BHI89E) probably ~ from bases 1139-1071 of the Genbank sequetemptshi.
involves the end of H3residues 68—75in EIN. The EIN-HPr  genbank were synthesized on a Model 394 DXNRNA Synthe-
interactions in the complex reported by Garrett et(a899 in- sizer (Applied Biosystems, Foster City, Californialhe GTG se-
volve electrostatic interactions between 67E, 68E, and 74E of EINjuence at bases 1082—-1080 was changed to G@esponding
and residues 17R and 24K of HPr and hydrophobic contacts in théo Ala) or CTC (corresponding to Gluin the mutagenic primers.
active-site region of HP{15H, 16T, 17R, 20A, 21Q, 22F, 23V, and PCR amplification of the El sequence used one of the mutagenic
24K) are made by 71A, 72l, 74E, 75G, 76H, and 78M of EIN. primers and a forward PCR primer starting at 70 bases upstream of
Hydrophobic interactions between the H4 helix of EIN and helix 1the El start site. The purified PCR productbout 700 bpwere
(H15-A20 of HPr also occur but only 125H-ig. 6B) is within digested withNdd (located at the El start sit@ndPinAl (located
6 A of the modeled Glu189 residue. Thus, the stabilization ofat bases 1128—11R3The fragments were ligated into pR6 simi-
a segment of H2 of EIN by phosphorylation would be expectedlarly digested with the two restriction endonucleases. The ligated
to facilitate the docking of HPr. Garrett et £1999 observed that plasmids were introduced int&. coli GI698 as well as ats
the binding of HPr to dephospho-EIN involves a helix-to-helix deletion derivative of that strain by electroporation as described
interface with essentially no changes in conformation relative topreviously(Nosworthy et al., 1998 All the constructs were ver-
the uncomplexed proteins. In fact, the apparent association corfied by DNA sequencing by the dideoxy method of Sanger et al.
stants and enthalpic changes for wild-type EIN, BIN89A), and (1977 using an Applied Biosystems automated sequencer. The
EIN(H189E) binding HPr at pH 7.5 and 3 are essentially the clones harboring the mutated El sequences were used to construct
same(Table 2A). The binding of EIN to HPr is entropically con- clones encoding similarly mutated EIN proteins. pLP2 is an ex-
trolled and temperature-independent wikij = 3 X 10° M, pression vector encoding. coli EIN (Seok et al., 1996 The
AH = 6 = 1 kcal mol't, andAS = +45 cal K'* mol™%. These = Ndd-PinAl fragments from the mutated pR6 plasmids described
thermodynamic parameters reflect mainly solvent displacemen@bove were ligated into pLP2 digested with the same restriction
rather than ordering effects, on complex formatidtilser et al.,  endonucleases. The clones were introduced into the two forms of
1996. Also, the apparent association constants of dephospho-EE. coli GI698 as described above.
and E(H189F) for HPr are the same at 53-38, although the
measured of 1.2 X 10° M ~1 is slightly lower than that for EIN
proteins binding HP(Table 2.

The amino terminal domain of enzyme I reversibly transfers thewild-type, nonphosphorylated EIN and H189A and H189E mu-
phosphoryl group bonded to the N3 atom of His189 to the N1 atontants of EIN and wild-type El and EH189E) were expressed and
of His15 of HPr(Seok et al., 1996 Replacement of the active-site purified from a 2-L culture of the\ptsstrain GI698 as previously
His15 of B. subtilisHPr by the negatively charged glutamate res- described Nosworthy et al., 1998 Final yields after concentrat-
idue has been found by Huffine and Schdlt896 to significantly  ing proteins to 2 mL were 60 to 90 mg. Proteins were homo-
decrease the overall conformational stability of this protein. Thegeneous in SDS-PAGE&E aemmli, 1970 and were stored at80°C
substitution of Ala for His15 actually stabilized HPr against urea-in 10 mM Tris:HCI/100 mM NacCl, pH 7.5 buffer used for puri-
induced unfolding Huffine & Scholtz, 1996. However, the NMR fication. Before DSC or other measurements, proteins were dia-
studies of Rajagopal et dl1994 have detected only local changes lyzed at £C overnight against several changes of 10 or 20 mM
in HPr structure upon phosphorylation of His15. SubsequentlyK-PO, = 100 mM KCI £ 1 mM EDTA, pH 7.5 buffer using
Van Nuland et al(1995 found that phosphorylation of His15 of Slide-A-Lyzer Cassette8,500 and 10,000 MW cutoff for EIN and
HPr indeed introduces a torsion angle strain in the His15 backbonEl, respectively, Pierce, Rockford, IllingisSpecific absorption
that is released upon phosphoryl group transfer by using botleoefficients used for spectrophotometric determinations of protein
NMR and molecular dynamics refinement. This result is consistentoncentration werésgonm 1cm= 0.190 cnf/mg for EIN (28,346
with the results of Huffine and Scholt1996. M;,; Nosworthy et al., 1998andAsgonm, 1cm= 0.40 cnt/mg for El

A destabilization of the overall conformations of the amino ter- (Waygood, 1986with a monomeridV, of 63,600. HP(9119M,)
minal domain of enzyme | and HPr by phosphorylation promoteswas purified as previously describéReddy et al., 1991and the
a unidirectional transfer of the phosphoryl group from PEP toconcentration of HPr in a stock solutigh.2 mg/mL) was deter-
enzymes |l and finally, irreversibly to the specific sugars beingmined in a Beckman Model XL-I analytical ultracentrifuge by the
translocated across the membrdian Nuland et al., 1995; Nos- method described by Nosworthy et #1998 and found to be
worthy et al., 1998 Moreover, phosphorylation of His189 in the 105% of that determined by the spectrophotometric method of
amino terminal domain of enzyme | is proposed here to stabilize &Vaddell(1956. All chemicals were of the highest purity available,
local segment of structure, thereby facilitating the docking of theand all solutions were prepared with deionized and filtered water
small HPr acceptor protein for phosphoryl group transfer to His15rom a Milli-Q Plus system.
of HPr. Such a mechanism must involve faster on and off rates Phosphorylated, wild-type enzyme | was prepared by incubating
rather than changes in affinity. the dephospho prote{5 mg/mL) with 25 mM Tris/HCI, 100 mM
NaCl, 5 mM PEP, 2 mM MgGl and 2 mM 2-mercaptoethanol,
pH 7.5 for 30 min at 28C, followed by rapid gel filtration of
~0.25 mL through a PD-10G25M sephadéexcolumn (Pharma-
cia, Uppsala, Swedgrequilibrated with the desired buffer or over-
night dialysis at 4C against degassed buffer containing 20 mM
pR6, an expression vector encodiEgcherichia coliEl (Reddy  K-phosphate, pH 7.5 and 100 mM KClor DSC.
etal., 199}, was used as a template for polymerase chain reactions Phosphorylated wild-type EIN40 mg/mL) was prepared by
(PCRg to mutagenize the active-site His189 to Ala or Glu. Re-a 2 h incubation at 28 in 25 mM Tris, 100 mM NaCl, 20 mM

Proteins

Materials and methods

DNA methods: Mutagenesis of the active site of El and EIN
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PEP, 2 mM MgC}, 0.7 uM enzyme |, and 1.1uM HPr at produced after saturation of ELIN proteins with HPr were used to
pH 7.5 (Garrett et al., 1998followed by gel filtration in 10 mM  correct reaction heats for the heat of dilution of HPr into buffer.
K-phosphate, pH 7.5 or dialysis atf@ as above for phospho-El. The final ratios of HPfE1N in titration experiments were 1.7 with
wild-type E1N, 2.6 with EINH189E), and 2.7 with EINH189A),
respectively. A nonlinear least-squares minimization was per-
formed using Microcal ORIGIN software to fit for stoichiometry
CD measurements were performed with a Jasco J-710 spectrop@i), apparent association constai€s), and standard enthalpy
larimeter using water-jackete®.2 mm path lengthcylindrical change for the binding of HPr to EIN.

cells and an external programmable water lathslab RTE-11D After ITC titrations, samples were removed from the cell and
as previously describedosworthy et al., 1998 Equilibrium CD  reservoir(~2.0 mL) and directly loaded into the VP-DSC. The
measurements at 222 nm for both temperature increases and d@al ratios of HPYELIN were 1.3 to 1.7 in DSC experiments.
creases were made by equilibration at each indicated temperature

for 20 min (about 5 min of which was required for instrument

equilibration at the set temperatiirehile monitoring the CD sig-  Acknowledgments

nal vs. time until no further changes in CD were recorded. Equi-r
librium CD data obtained during the heating cycle were analyzed
for fits to a two-state model of unfolding with the program of
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