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ABSTRACT. Bacterial chemotaxis involves autophosphorylation of a histidine kinase and transfer of the
phosphoryl group to response regulators to control flagellar rotation and receptor adaptation. The
phosphotransfer domain, ChegAss, of the chemotaxis-specific histidine autokinase CheA fEsuherichia

coli contains the site of phosphorylation, His48, and two other histidine residues, His26 and His67. Two-
dimensionalH—1N NMR techniques were applied to characterize the protonation states of these histidine
residues and to evaluate the structural changes in the domain that occur upon phosphorylation of His48.
The K, of His48 was determined to be 7.8 (in 50 mM Nafffer at 30°C). At high pH, its imidazole

ring exists primarily as the normally unfavored’N tautomer, suggesting hydrogen bond formation to

the ring nitrogen atom(s) to stabilize this state. Thg palues and predominant tautomeric states of the
imidazole rings of His26 (K. ~ 7.1, N*2H tautomer) and His67 ¢, ~ 6.5, N’H tautomer) were also
determined. His48 of CheAiss and CheA »33 was phosphorylated by full-length CheA. The
phosphorylation site was confirmed to be thé Nosition in the imidazole ring. Phosphorylation of
His48 only results in small changes in the amitie and >N chemical shifts of a few residues from
helices B and C, suggesting that only very small changes in structure are associated with phosphorylation
of the phosphotransfer domain of CheA. These residues occupy a small surface area of the helix bundle
and form the active site of the protein. At the active site, in addition to His48, residues Gly52, His67,
and Glu70 are conserved in the CheA homologous phosphotransfer domains from 10 different organisms.
Sequence comparison of these CheA homologs suggest that the phosphotransfer domains likely fold in a
similar helix—bundle structure and the structural features at the active site are well-conserved.

Escherichia colresponds to chemical stimuli by migrating  bind and signal the presence of various chemoattractants and
toward favorable environmental conditions and away from -repellents. In addition, the Tsr receptor appears to be
harmful ones. This process involves the participation of involved in pH sensing (Slonczewski et al., 1982). Itis also
several proteins in the chemotaxis system which use infor- possible that internal pH is sensed directly by CheA. Conley
mation from the receptors on the cell surface to ultimately et al. (1994) have demonstrated that CheA autokinase activity
control the sense of flagellar rotation [for reviews, see exhibits a bell-shaped dependence uponipklitro within
Stewart and Dahlquist (1987), Bourret et al. (1991), and the range of pH values from 6.5 to 10.0. This pH
Parkinson and Kofoid (1992)]. This signal transduction dependence suggests that a specific protonation state of the
process requires specific phosphorylation and dephospho{phospho-accepting histidine is required in the phosphotrans-
rylation reactions. CheA is a histidine autokinase that fer reaction and that this in turn may serve as an effective
phosphorylates at His48 (Hess et al., 1988) located in theinternal pH sensor. By using two-dimensional (2EH—
N-terminal phosphotransfer domain. The phosphoryl group **N NMR techniques, we were able to directly examine the
is transferred to the response regulator proteins CheY (Hesgesonances from the imidazole rings of the phosphorylation
et al., 1988; Stock et al., 1988a; Sanders et al., 1989) orsite His48 and two other histidine residues, His26 and His67,
CheB (Lupas & Stock, 1989; Ninfa et al., 1991). The and to determine their Ky values and the predominant
phosphorylated form of CheY interacts with the flagellar tautomeric states.
switch complex to change the direction of rotation of the  The global fold of the phosphotransfer domain (Chaéy)
flagella (Barak & Eisenbach, 1992; Roman et al., 1992); the of CheA fromE. coli is the first structure of such domains
phosphorylated form of CheB has enhanced methylesterasaletermined in the CheA family (Zhou et al., 1995). This
activity which modulates the sensitivity of the receptor ~ domain consists of five helices which form a rigid and
CheW-CheA complex to extracellular stimuli (Simms et al., compact helix bundle. The phosphorylation site His48 in
1985; Lupas & Stock, 1989). CheAy_134resides near the C terminus of helix B and at the

The autophosphorylation activity of CheA is modulated interface of helices B and C. The imidazole ring is exposed

by the membrane-spanning receptors through the receptor © the solvent in the current structure, which was determined
CheW-CheA complex (Gegner et al., 1992). The receptors using a limited number of distance restraints. Backbone

1 Abbreviations: NMR, nuclear magnetic resonance; HSMQC,
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dynamics studies show that the structure around His48 isthe >N dimension was set to 1041.6 Hz in the HSMQC

fairly rigid (Zhou et al., 1995), suggesting that structural

experiments and to 10 000 Hz in the HMQC experiments.

changes upon phosphorylation of this residue are likely to 2D *H—*N HSMQC and HMQC spectra were also collected

be limited and localized. The phosphorylation position in
the imidazole ring of His48 is cited in Stock et al. (1989) as
the N2 position without supporting evidence. By using 2D
'H—15N NMR spectroscopy, we have confirmed the site of

for CheA_,33 at pH 6.3, 7.5, 8.0, and 9.7, with the same
experimental parameters as for CheAs

For the phosphorylation experiments, 1 mM CheA,
or CheA—_»33 in 50 mM NaPQ was mixed with ap-

phosphorylation in the imidazole ring of His48. The absence proximately 0.15 mM Chefgss, 10 mM ATP, 5 mM

of large chemical shift changes in the amidd—5N
resonances of CheAs3, and CheA—»33 upon phosphoryla-

MgCl,, 100 mM KCI, and 2 mMgB-mercaptoethanol. The
samples were equilibrated at pH 7.5 and room temperature

tion suggests that only localized and minor structural changesfor 20 min before being loaded into an NMR tube. #D-

occur in these proteins upon phosphorylation.

15N HMQC and HSMQC spectra were recorded with the

We also have generalized the global fold and the structural hitrogen excitation frequency set in the amide and imidazole
features at the active site of the phosphotransfer domain ofhitrogen regions, respectively. An HMQC-J spectrum (Kay

CheA fromE. coli to the homologous domains from several
other organisms. This shows that, in addition to His48,

& Bax, 1990) was recorded for a phosphorylated Che#
sample to detect changes of thln, coupling constants.

several other conserved residues, Gly52, His67, and Glu70, Analysis of the pH Titration Data The expected cross-

at the active site are likely important in establishing the

peak patterns of the imidazole ring in tHd—°N HMQC

proper tautomeric form of His48 in the resting enzyme and Spectrum have been described in detail (van Dijk et al., 1992;

may direct positioning of the phosphoryl group.
MATERIALS AND METHODS

Sample Preparation Expression and purification of
uniformly **N-labeled CheA 134 and CheA,33 have been

Pelton et al., 1993). The imidazole ring can exist in three
protonation states: one charged state and two neutral
tautomers (KPH or N°'H) (Witanowski et al., 1972; Bacho-
vchin, 1986). In general, with a proper refocusing delay in
the pulse sequence (26 ms in our experiments), bl

15N correlation cross-peaks between either of the two

described previously (Swanson et al., 1993; Zhou et al., 1995,imidazole nitrogens and either of the two carbon-bound ring
1996). Protein samples were dialyzed against 50 MM NaPO protons can possibly be observed in the HMQC spectrum.

at pH 8.0 and concentrated to approximately 2 mM,OD

The intensity and line width of these cross-peaks depend on

(5%) and sodium azide (0.02%) were added to the NMR pH, the through-bond coupling constants, the exchange rates

samples.
NMR Data Collection and ProcessincAll data reported

between the three states, and the relaxation times dtthe
and 5N nuclei.

in this paper were collected on a General Electric Omega The chemical shift of a nitrogen nucleus strongly depends

500 MHz spectrometer at 3@ except as otherwise stated.

on its protonation state. For a protonated imidaz5he

The chemical shifts were set to an external proton referencenucleus, the neutral (type) and charged (typert) forms
of sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at have shifts of 167.5 and 176.5 ppm, respectively, whereas

0.0 ppm and an external nitrogen standard'®fH,Cl at
24.93 ppm relative t&°NHs. All data were processed using

the deprotonated®N (type ) has a shift of 249.5 ppm
(Bachovchin, 1986; Pelton et al., 1993). It needs to be noted

FELIX software (Hare Research, Biosym Technologies, San that our'>N reference is that of Pelton et al. (1993) which is

Diego, CA). In the pH titration experiments, 21bi—1°N
HSMQC (Zuiderweg, 1990) and 2BH—1°N HMQC (Bax
et al.,, 1990) spectra were recorded for Cheaé, at the
following pH values: 5.3, 5.5, 5.9, 6.3, 6.5, 6.8, 6.9, 7.2,

different from that of Bachovchin (1986). Depending on
the exchange rates between the neutral states, several
different situations might appear (van Dijk et al., 1992). Fast
tautomerization between the neutral states is often observed.

7.5, 7.7, 7.8, 8.3, 8.8, and 9.2. The pH was adjusted by In this condition, the appared®N chemical shifts are the
adding NaOH or HCI. The HSMQC experiments were used fraction-weighted averages of those of the three pure states.
to detect pH-dependent chemical shift changes of the amidesAt the low-pH limit, the observed chemical shifts are reduced
the HMQC experiments were used to detect chemical shift to those of the pure protonated state; at the high-pH limit,

changes with pH for the histidine rings. In the HSMQC

these chemical shifts are the weighted average of the shifts

experiments, water signal suppression was achieved by a 0.8®f the neutral tautomers. When the chemical shifts of the
s weak proton presaturation; in the HMQC experiment, a protonated form and neutral forms are compared with model
1-1 echo suppression was used (Bax et al., 1990), with ashift values, valuable information on the predominant tau-
time delay set to achieve maximum proton excitation at 8.2 tomeric state of a histidine and possible hydrogen bond
ppm. A delay of 26 ms was used to refocus the evolution formation to the imidazole nitrogens can be obtained
arising from the coupling between the carbon-bound protons (Bachovchin, 1986).

and the imidazole nitrogens. In all experiments, the proton

The information concerning hydrogen bonding is obtained

frequency was set to the water proton frequency of 4.76 ppm.from either the chemical shift values of the nitrogens or the

The °N excitation was set to 116 ppm in the HSMQC
experiments and 180 ppm in the HMQC experiments.
Quadrature detection in tH&N dimension was achieved by

the StatesTPPI method (Marion et al., 1989). A total of

256 realt; (*>N) and 1024 complex, (*H) points were

derived tautomer fractions (Bachovchin, 1986). Hydrogen
bonding produces changes in tH&8N chemical shifts

resembling those produced by protonation/deprotonation but
having a much smaller magnitude (Schuster & Roberts,
1979). A nitrogen acting as a hydrogen donor shows a

recorded for each spectrum. Eight or sixteen scans weresmaller chemical shift; a nitrogen acting as a hydrogen

used for each redl (*N) point. The spectral width in the
'H dimension was set to 6666.7 Hz. The spectral width in

acceptor shows a larger chemical shift. The amplitude of
the change, up to 10 ppm, has been considered to reflect the
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IH—15N correlation spectra of fully>N-labeled CheA 134

Qs1§ o #ose P taken at several pH values. Those residues that exhibit the
. j largest pH-dependent chemical shift changes are primarily
c = histidine residues and their immediate neighbors. Most
& 8 “~ q resonances fall along straight lines in these two-dimensional
v iy e ey 2 spectra between the positions observed at the most acidic
93’y 4+ s woa T and most basic conditions. This behavior is consistent with
. . 42;‘ @ ﬁ . fast exchange between two states which are pure states at
Y . o Y low- and high-pH extremes, respectively. Under the as-
© Shes g sumption of fast exchange between the two states and using
ﬁ LT S s \: eq 1, we were able to fit the chemical shifts as functions of
a,, N;Agi Py 4 et : * PR g pH valu_es f_or most of these amide protons or nitrogens, as
s;‘f:m g“ > a1 shown in Figure 2.
& Lz &52 g W 2 The apparentlg, values extracted by observing the amide
Z’{{ L;;f:/" A %’ ~ resonances of the histidines and their neighbors are similar
P WQ.{ L to those we observe for the resonances of the imidazole rings.
« * “’Q‘ w:ﬁf wg;. . £ B Additionally, the pH-dependent chemical shift changes of
¢’ . Ve f. T these amides appear to be localized and limited. Therefore,
) vt o . ) the chemical shift changes observed appear to arise primarily
i Py a0 75 T o5 from changes in electronic induction effects on the amides
H (opm) in response to changes in protonation states of nearby

FicUrRe 1: Overlay of 13H—15N HSMQC spectra from CheAiss imidazole rings. For those titration curves that do not have
taken at pH 5.3, 5.5, 5.9, 6.3, 6.5, 6.7, 6.9, 7.2, 7.7, 7.8, 8.3, 8.8, simple HendersonHasselbach behavior, multiple titrating
and 9.2. groups or local structural adjustments in response to pH

changes may contribute greatly to the chemical shift changes
strength of the hydrogen bond (van Dijk et al., 1990). It (Forman-Kay et al., 1992).

should be noted that this comparison depends on the model 1 Titration of the Histidine ResiduesThree histidines
chemical shifts used which were derived from NMR studies i, "chea s, present three sets of cross-peaks from the
of model compounds and is complicated by the specific jmigazole rings. Figure 3 shows a portion of #A—15N

structural environment of a histidine in a protein. The other HMQC spectrum labeled with the assignments of the
indication of hydrogen bond formation is the observed jmnidazole resonances.

predominance of the ®H tautomer over the normally
favored N°H tautomer (Reynolds & Tzeng, 1976; Bacho-
vchin, 1986).

To extract the apparenp values of the imidazole rings
or the backbone amides, the chemical shifts at various pH
values were least-squares fit by the Henderddasselbach

His48 His48 is the site of autophosphorylation of CheA
(Hess et al., 1988). The pH dependence of the imidazole
IH and N shifts for unphosphorylated His48 is shown in
Figure 4. The chemical shifts of the resonances from the
imidazole ring were pH-dependent, and a single averaged
resonance was observed for ed®—CH pair during the

equation: complete titration course. TheKpvalue of the imidazole
pH ;71 A—pH oK ring was determined to be 7.8 using eq 1. The assignment
Oops= 0,10 /(10 77+ 10 ™) + of this residue was based on similadfjvalues reported by

the backbone amides of His48, Ser49, and Ala47 and was
confirmed by the significant changes of the imidazole
resonances upon phosphorylation of CheAs

0,10 P%/(107PH + 10779 (1)

whered; andod, are the chemical shifts at the low- and high- : ’ .
pH limits, respectively. This equation gives the observed For protonated His48, theRishift of 175.6 ppm is close
chemical shift,d.s as a weighted average of the limiting to the expected 176.5 ppm for a charged imidazole nitrogen,
valuesd; andd,. In this model, fast exchange between the indicating no hydrogen bond formation to this nitrogen. The
states at low- or high-pH extremes is assumed. The least-N°* chemical shift of 185.9 ppm, however, is 9.4 ppm higher

squares fit was made using the program KaleidaGraph than expected, indicating that™ acts as a hydrogen bond
(Abelbeck Software). donor. At high pH, N and N'* resonate at 224.4 and 192.5

ppm, respectively. The larger shift ofNndicates that the
N°H tautomer is dominant. Since theINl tautomer is not
the normally favored neutral state, this tautomer is likely
stabilized by hydrogen bonding or other interactions with
the rest of the protein.

The >N chemical shifts of the neutral states can be
explained by fast equilibration of the two tautomers. The
fraction of each tautomer present at high pH can be estimated
by comparing the observed chemical shifts of the imidazole
nitrogens with model shift values using eq 2 and 3:

RESULTS

The phosphotransfer domain, Che#ss, contains three
histidine residues: His26, His48, and His67. To assign the
imidazole resonances to specific histidines, we have com-
pared the apparentkp values derived from the observed
chemical shift changes of the backbone antldeand/or>N
nuclei with those of the imidazole rings. The assignments
of His48 and His67 were confirmed in the phosphorylation
experiments.

The chemical shifts of some of the backbone antide
and®N nuclei of CheA-_134show a striking pH dependence.
These data are shown in Figure 1 as a superposition of the

167.5+ 249.5/=192.5
2495+ 167.5y =224.4

2)
©)
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Ficure 2: Selected plots of backbone amide chemical shifts as functions of pH. The solid line is the fit of the data points using eq 1. The
derived K, values are reported in Table 1.

where x and y are the fractions of the MH and N2H tautomer fractions and the normal average chemical shift can
tautomers, respectively. Note that the model shifts on the still be obtained if both nitrogens participate in hydrogen
left-hand sides of eqs 2 and 3 are the values for non- bonds which cause opposite changes of the two model
hydrogen-bonded nitrogens. Solving these equations for thechemical shifts. Since hydrogen bonding alone cannot
two independent unknowns gives aof 0.695, ay of 0.305, explain the large difference-Q0 ppm) between the nitrogen
and an N!H/N<H tautomeric ratio of 2.3/1. Remarkably, shifts observed and the model shifts of pure typer 3

the sum of the independent valuesxaindy gives the ideal nitrogens, fast tautomerization as well as hydrogen bonding
sum of unity. The average of the two nitrogen shifts is also involving both nitrogens seem to be required to explain the
nearly equal to the expected value of 208.5 ppm. Thesesituation. While N? may be hydrogen-bonded only in the
results are consistent with our basic assumptions, indicatingneutral forms, RtH is likely hydrogen-bonded at all pH
the chemical shifts at high pH can be explained by fast values examined.

tautomerization alone. This seems to contradict the idea of From the titration curve of His48, it is clear that the
a single hydrogen bond formed to the imidazole ring. A transition from the charged form to neutral forms of the
single hydrogen bond would cause &10 ppm change in  imidazole ring is primarily associated with the deprotonation
one of the model shift values in eqs 2 and 3, yieldingkan of N<2H. The flat titration curve for Rt indicates that this

+ y value away from the ideal value of 1 and an average atom is strongly protected from deprotonation. Hydrogen
nitrogen chemical shift approximately 5 ppm higher than bonding to both nitrogens at high pH would require théiHN
expected. However, it is clear that reasonable but different act primarily as a hydrogen donor and?Mct primarily as
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) Table 1: Apparent I§, Values of Some of the Amide Protons and
NEZ% He! s N¥& Het . aNEZ H82 Nitrogens
e @ g Dy | 5 (NH  N(H) (NH_ NH)
x ) E24 7.26 7.22 S49 7.77
v H48 NBL- 152 H26 7.12 150 6.90
NOe Hel L27 7.11 7.15 K51 7.18 7.34
NP1 el H26 S § V29 7.04 7.11 T65 6.99 6.94
N8 L30 7.20 7.19 T66 7.55
§ D36 7.12 7.04 H67 6.40
Q39 7.24 7.03 L68 7.00 6.44
H67 o N41 7.19 7.21 E70 6.43 7.66
§N51_ el L 2 B A42 6.88 N71 7.93 7.71
¥ 143 7.06 7.36 R77 6.89 7.28
: A46 7.04 7.02 E93 7.13
A47 7.66 L123 6.91 6.95
o4 50 76 72 H48 7.67 7.88 L126 6.75 7.00
H (ppm)

Ficure 3: Selected portion of atH—1N HMQC spectrum from N°! has a much Iarge'r Chemlcal shift thaﬁandlcatmg.
CheA 15 taken at pH 6.9 labeled with the assignments of the that the N°H tautomer is dominant. Though the possibility
imidazole resonances from the histidine residues. of hydrogen bond formation at high pH cannot be evaluated,
theoretically extracted limiting chemical shifts for the two
a hydrogen acceptor. Since fast tautomerization is alsonitrogens give an average of 207.2 ppm at the high-pH limit.
underway, the two nitrogens might exchange hydrogen bondThis value is close to the expected 208.5 ppm. TKHN
partners through rapid ring rotation. N%H ratio was calculated to be roughly 2/1. The nearly
His26. The K, value of His26 was determined to be 7.1 normal tautomeric ratio and average nitrogen chemical shift
(Figure 4). The residue-specific assignment was based onof the neutral states suggest no significant hydrogen bond
similar K, values reported for the amide protons and/or formation to the imidazole ring.
nitrogens of Glu24, His26, Leu27, Val29, and Leu30 (Table  His67. While the carbon-bound ring protons and the
1). The titration of the imidazole ring of His26 is not imidazole nitrogens of His48 and His26 have simild,p
complete because the imidazole cross-peaks broadened andalues for each histidine, the appareit,walues reported
disappeared at pHs above 7.0 due to exchange processesfor these nuclei are significantly different for His67. The
At low pH, the N2 and N! nitrogens shifts are 181.0 and  C<*H/C%2H protons and K have [K, values of~6.5, whereas
177.6 ppm, respectively. These values suggest no significantN°! has a K, of ~7.4 (Figure 4). The chemical shift of
hydrogen bond formation to the®Nnitrogen and weak  N°!is possibly affected by a nearby titrating group with a

hydrogen bond formation to the®Ahitrogen. At high pH, high K, value in a manner similar to the interactions
His2E His2§
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Ficure 4: Chemical shifts of the imidazofé1 and!>N nuclei of His26 (top), His48 (middle), and His67 (bottom) as functions of pH. The
solid or dashed line is the fit of the data points using eq 1. The deritgd/@lue is shown for each curve.
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between the backbone amides and nearby imidazole rings

during the titration. The assignment of the imidazole
resonances to His67 was based on tKg yalues of~6.4
reported for the amide nitrogens of His67 and Leu68.

At low pH, the N2 chemical shift, 176.6 ppm, is close to
the expected 176.5 ppm, indicating no hydrogen bond
formation to this atom. An accurate shift value fot'Nt
low pH cannot be determined since the protein started to
precipitate at pH<5. The calculated N chemical shift of
192.6 ppm at the low-pH limit is much larger than the
expected 176.5 ppm. However, the actual shift value of this
nitrogen might be lower than 192.6 ppm if data at pt3
are available. At high pH, R and N have shifts of 183.6

and 233.2 ppm, respectively. The average of these values

is 208.4 ppm, close to the expected 208.5 ppm. At high
pH, the histidine exists primarily in the <RH state. The
N<H/N%H ratio is 4/1, as calculated from<Nand N*

chemical shifts. For the neutral states, there is no indication

of significant protein structuredependent hydrogen bond
formation.

Zhou and Dahlquist
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FiGURE5: IH—15N HSQC spectrum from a partially phosphorylated

pH Dependence of the Chemical Shifts of the BackboneCheAi-134 sample at pH 7.5 and 3TC. Bold and large letters

Amides and Side Chain NHGroups Figure 1 shows an
overlay of 13'H—'N correlation spectra from CheAizs
taken at pHs from 5.26 to 9.2. The chemical shifts of some

denote resonances from the phosphorylated form of the protein.
Plain and small letters denote resonances from the unphosphorylated
form of the protein. Only residues with detectable chemical shift
changes after the phosphorylation are labeled. Straight lines indicate

of the amide protons and nitrogens are obviously sensitive the resonances from the side chain Nifoup of Asn71.

to pH changes. The apparenKpvalues seen for those

backbone amides with relatively large total chemical shift phorylation of His48, indicating that this region does not
changes are summarized in Table 1. As discussed aboveinteract with the phosphorylated phosphotransfer domain. In
the correlations between the appareit, values of the other experiments, the CheAss and CheA »3; samples
amides and those of nearby imidazole rings have aided inwere nearly fully phosphorylated, yielding peaks only from

the assignments of the imidazole resonances to specificohosphorylated proteins (data not shown).

histidines.

The NH, groups of GIn39 and Asn71 also have apparent
pKa values which are close to those of nearby His26 and
His67, respectively. GIn39 resides near the N terminus of
helix B, which is proximal to His26 near the C terminus of
helix A. The two NH protons of GIn39 have apparerp
values of 7.1, and the Nthitrogen has alg, value of 7.0.
These values are equal or close to tikg palue of 7.1 seen
for the imidazole ring of His26. One of the Nigrotons of
Asn71 has al§; value of 6.6, while the other exhibited a
more complex pH dependence (data not shown). This

dependence indicates possible involvement of two ionizable

groups or two states of conformation at low and high pH.
However, the titration curve of the Nhhitrogen of Asn71
shows a smooth transition with &pof 6.9. The different
titration properties of these atoms may result from different
local environments surrounding the MHprotons or a
combination of local ionization and more distant conforma-
tional effects.

Phosphorylation of Cheﬁ134 and Che/k233. CheA;_7134
and CheA-,33 were phosphorylated by full-length CheA in
the presence of ATP and Mg Figure 6 shows atH—N
HSQC spectrum from a partially phosphorylated Chagy

A few residues exhibit small but observable amide
chemical shift changes upon phosphorylation of His48
(Figure 5). These residues are His48, Ser49, and Gly52 from
helix B and Asn71 and Asp74 from helix C. The peaks from
the side chain Nkigroup of Asn71 also show slight changes.
These backbone and side chain chemical shift changes are
probably caused by local structural changes or changes in
chemical or electronic environments associated with phos-
phorylation of His48. We also looked for changes in the
coupling constants upon phosphorylation as a probe of
structural changes. The coupling constiint,, between the
backbone amide proton and théHCproton is related to the
backbone dihedral ang#eaccording to the Karplus equation.
An 1H—1N HMQC-J experiment recorded on a Che#ss
sample shows no observable differenceslpn. values
between unphosphorylated and phosphorylated proteins (data
not shown), suggesting the backbone conformation remains
nearly identical in both forms of the protein. Therefore,
changes in the side chain conformation or electronic shielding
effect caused by the addition of the phosphate are likely
responsible for the chemical shift changes observed.

For the imidazole ring of His48, cross-peak changes for

sample. Two sets of cross-peaks appear in this spectrumthe ring protons and nitrogens were observed when His48

one from the unphosphorylated protein and the other from

was phosphorylated (Figure 6). Upon phosphorylatiofi, N

the phosphorylated protein. The appearance of isolated peakof this histidine exhibits a chemical shift change~af0 ppm

from both forms of protein indicates that these forms
interconvert slowly. The chemical shift changes of the
phosphotransfer domain in CheAss upon phosphorylation

of His48 are essentially the same as those for Ghgi(data

not shown). The cross-peaks from the CheY-binding domain

while N° only shows an~1 ppm change. Since the’M

form is predominant at neutral conditions, phosphorylation

at N°*H would deprotonate this nitrogen and cause a much
larger chemical shift change at this position. Therefore, these
results indicate that R of His48 is the site of phosphory-

were not detected to have significant changes upon phos-ation (Figure 7).
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charged phosphoimidazole rings, respectively (Pelton et al.,
1993). Fast exchange between the predominant charged state
and a slight amount of neutral form of the phosphohistidine
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Heg observed, the ratio of the neutral to charged forms of
[P 282 phosphoimidazole rings is roughly 1/4.3 at pH 7.51 bf
: phosphorylated His48 exhibits a chemical shift of 192.8 ppm
oo H48 e at this pH, which is between the chemical shifts of 174.4
NoH , and 244.4 ppm for protonated and deprotonated nitrogens,
respectively, in a phosphoimidazole ring. A calculation
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: consistent with the value from thesNshift. Although the
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H (ppm) by observing spectra as a function of pH, the predominance
of the charged form at the experimental pH suggests that its
' “ pKa is likely higher than 8.0.

o The imidazole cross-peaks of His67 were also affected
- by phosphorylation of His48 (Figure 6). Phosphorylation
st IOyl ”'f H67 of CheA,_134 or CheA 233 resulted in two sets of nearby
: ' cross-peaks for the imidazole resonances of His67. These
changes indicate that the imidazole ring of His67 is proximal
to and possibly is involved in direct interactions with the
imidazole ring of His48 and/or the phosphate. His26
resonances were not observed at pH 7.5 for both unphos-
phorylated and phosphorylated proteins.
) Lo The stability of the phosphorylated proteins varied sig-
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all cases, the patterns of chemical shift changes upon

: phosphorylation were the same. At room temperature or 30
64 a1 1;}8(,,,,,") 78 72 69 °C, the phosphorylated protein usually dephosphorylated in
several hours in the original buffer, as judged by the

FIGURE 6 *H—1N HMQC spectra at pH 7.5 and 3C showing Jeduction in the peak intensities for the phosphorylated form

the changes of the imidazole resonances upon phosphorylation o : -
CheA 134 (top) and CheA »ss (bottom). Bold and big letters of proteins. When a partially phosphorylated CheA,

denote the peak sets from the phosphorylated form of the protein; Sample was dialyzed against NaPQuffer at pH 7.5 to
plain letters denote peak sets from the unphosphorylated form of remove the ATP, Mg, and a small amount of ADP and
the protein. stored at #C, the protein stayed phosphorylated for several
weeks. In one case, a nearly completely phosphorylated
H CheA —»33 sample dephosphorylated slowly in 3 days at 30
/ °C. What causes these differences in the long term is not
c—=——=0c%® clear. However, it is clear that the phosphorylated forms of
\82 these domains are quite stable by themselves.
/N /‘ Sequence Comparison and Structural Similarity of the
C CheA Homologs The three histidines in CheAs, are
| readily titratable, consistent with their solvent-accessible
H positions in the global fold of CheAs34 (Zhou et al., 1995).
Those residues that are affected by either titration or
H phosphorylation of His48, mostly polar or charged, are
{2 localized in a small region on one surface of the protein at
/C i ‘\ the interface of helices B and C (Figure 8). Although the
81

His48 pKa=7.8

+ £2 side chain orientations of these residues are not well-defined
Y /\'\PO 2 in the current structure, all of them are in the vicinity of the
H % phosphorylation site. Interactions between these residues and
| His48, the active sites in the kinase domain of CheA, or the
phosphate group might be critical to the phosphotransfer
reaction and the stabilization of the phosphoimidazole in
direct or indirect manners.

The small chemical shift change of His48*™Nupon In order to investigate the conserved structural features
phosphorylation indicates this nitrogen remains protonated of the phosphotransfer domains of the CheA proteins, we
in the phosphoimidazole ring. The observed chemical shift performed a computer search of protein sequence data bases
of the phospho-N, 208.2 ppm, is between the expected and compared the CheA homologous sequences from 10
202.1 and 209.6 ppm values for phospfid-in neutral and different organisms (Figure 9). Each of these CheA ho-

FIGURe 7: Predominant tautomeric state of His48 (a) and the
phosphorylation position in the imidazole ring (b).
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proteins, helix E seems to be short or in a completely
different structure. This seems to be consistent with the
apparent variations in size and the pattern of the hydrophobic
surface of helix D. Previous structural studiesEfcoli
CheA suggest that helix E interacts primarily with helix D
(Zhou et al., 1995, 1996). In some CheA proteins, helix D
may have an extended hydrophobic surface in order to
interact with the “extra” helix E; in others, helix E is absent
or short, and helix D has a smaller hydrophobic surface.
while the hydrophobicity repeat in helix D is similar for most
sequences, this helix may be curved or may break into two
helices. This is suggested by the appearance of glycines near
the middle of helix D in several sequences.

Another important finding from the sequence alignment
is that the structural features at the active site seem to be
conserved. Sequence homology is the highest in the region
corresponding to helices B and C which carry nearly all the
active site residues. Among the residues that are affected
by titration or phosphorylation of His48 i&. coli CheA,
residues Gly52, His67, and Glu70 are totally conserved. The
phosphorylation site histidine is followed by either a serine
or a threonine. This suggests that the hydroxyl group of
the serine or threonine plays an important structural or
functional role, consistent with previous observations. Muta-
tion of Ser49 to an alanine i&. coli CheA significantly
FiGUrRe 8: Ribbon diagram of Cheds, (Zhou et al., 1995)  decreased the autophosphorylating activity (Hess et al.,
showing the residues that are affected by titration of phosphorylation 1988). Mutation of Ser49 to a threonine led to the retention
of His48. of a significant degree of CheA autokinase activity. Three

positively charged residues from helix B or C and in the
mologs appears to have a separate phosphotransfer domaigicinity of the phosphorylation site, Arg45, Lys51, and
in the N-terminal region and a conserved kinase domain in Arg77, are highly conserved. These charged residues may
the central region. Other regions may differ significantly. play a role in stabilizing the phosphohistidine through
For example, FrzE, the CheA homolog fraMiyxococcus  electrostatic interactions. Lys51 and Arg77 are at the C
xanthus does not have the CheY-binding regionEfcoli termini of helices B and C, respectively. These residues may
CheA (Parkinson & Kofoid, 1992); instead, a region also stabilize the helical structure of the protein by interacting
homologous to CheY is attached at the C terminus, and thewith the effective negative charges of the helix dipoles. Two
region between P1 and the kinase domain is replaced by aglycines (Gly52 and Gly58) in the turn joining helices B
long proline-alanine-rich sequence. and C are highly conserved. This turn region was observed

With the knowledge from previous structural, dynamic, to form a well-defined structure and may play an important
and functional studies oE. coli CheA, we looked for  functional role. Interestingly, another histidine at the active
structural features that are most conserved among thesjte, His67, is totally conserved. lts structural or functional
phosphotransfer domains of the CheA proteins and askedrole may resemble that of the extra histidine irfffiin the
(1) if these homologous domains fold in the same fashion, pTS (Pelton et al., 1993).
that is in a helix-bundle, (2) if the structural features at the Overall, the sequence comparison indicates that the

active site are conserved, and (3) if there is a fifth helix in \_tarminal approximately 80 residues likely form similar
other CheA proteins. helical structures with similar turns. The structures in helix

F_iguregshows the sequence alignments of the _N-ter_min_aID and especially helix E may differ between the CheA
regions of the 10 CheA homologs. Sequence identity is homologs. It appears that having the phosphorylation

localized primarily in the regions corresponding to helices pistigine reside at the outer interface of two helices is a

A—CinE. coli CheA and thle turns jo@ning.lthle thrlgae h?"Cﬁs' common feature of the kinase CheA. The high sequence
Amino acid sequence similarity is primarily localized inthe jqensity at the active site indicates that the structural features

N-terminal four helical regions. The sequences correspond- highly conserved at this site among the CheA homologs.
ing to C-terminal helix E oE. coli CheA display the least

similarity. The turn regions, which mostly contain proline p|ScuUSSION
or glycine residues, seem to be roughly at the same positions.

To ask if the putative helical regions have hydrophobic  Conley et al. (1994) observed that the CheA autokinase
and hydrophilic surfaces similar to those of CheA, we activity exhibits a bell-shaped dependence onipHitro,
placed the residues in the helical regions of five proteins with the maximum activity at pH 8.5. Two titratable groups
onto a helical wheel diagram (Figure 10). It is clear that were proposed to explain this pH dependence. For the
the distributions of hydrophobic and hydrophilic residues are phosphotransfer to proceed, one group withka pf 8.1
quite similar for the five proteins, especially in helices 8. needs to be deprotonated and the other group witk,a0p
Hydrophobic residues are mostly buried, while the residues 8.9 needs to be protonated. Our studies show that the site
on the surface are mostly charged or polar residues. In someof phosphorylation, His48, has &pof 7.8 and is very likely
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RmA
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HsA : ‘
RsA
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LA
60 106

—{  nelix ¢ __I—f helix D F———
EcA GTFEFSVLQETTHLMENLLDEARRGEMQLNTDI INLFLETKDIMQEQLDAYKQ- -~ SQEP
RmA GAFGLDDLVSFAHVFﬁT ,DCVRSNRLEPNQDVLKVMLRSADVLADLTNAARDGGGVDEA
BsA ATMGYTDLAHLTHLLENVLDAIRNGDMEVTSDWLDILFEALDHLETMVQST IDGG-DGKR
TmA GTMGFSSMAKLCHTLENILﬁKARNSEIKITSDLLDKIFAGVDMITRMVDKIVS-——EGSD
BbA ASLDMMELSDFTHIVEDVFDAIRDGKVNINNDLVDLLLSSLDVIKEMLALRIDGK-VYLN
SsA ASVQLPAIEELAHRLEDIFKALYSDAVVVDDRLEGMLLEGFDYLKQALTTQIETG——QLE
HsA GAMGFEDASDLAHAVEDLLDEMRQGNLEVTSDRMDRIFEGIDGIEACLDEIQATG DVDR
RsA GAFKLDALVRFAHQFETTLDALRAGRVSADPPLLALLHKAADRLSDLLQAARTGSETATI
FrzE RMLELAATGOLAHAAEDVLRAEREG-KRATEVATDVLLRACDVLSDLNEDLSGAN-TGNP
LA ATMGFOQVADLTHAMENVLDEVRNNRLAVTEHLVDI IFTCTSHLETMVSDIOHGG-QGAA

112 131

| helix E |
EcA DAASFDYICQALRQLAL-EAKGETPSAVTRLSVVA-—=—~—==—==—~
RmA RSRQLIKELEALANGEL---PQAAAESAPKTTPAG-~~———=~———~~
BsA DISEVSAKLDVNGAHAE-SAASAEPAEQSSASDWE-~~—-——-—~-~—
TmA DIGENIDVFSDTIKSFA-SSGKEKPSEIKNETETK-————=—===~=—
BbA DISDLKSKLKQFLVIDD---QTFIKRFDGNSTKNN-~~~==~—=—~=~~
SsA HTEVLVQGLPVIAAIEE--QLGEHLAAGEQFLPSS - ~~==~==—===—
HsA BVTGTIESVRAVLDEVD-GDGGSGTTSSGDAGSPA-—~———————==~
RsA DPDDLVAQLAQAAGEEE- - ~AGEADAEDLGFVPMR -~~~ ~——~——~~~
FrzE ASEEMVRMLAEVSGQTPPAIAGARPVAPPPAPPPA-—~==—==-—-—=-—
LimA BISKTVADLEALLHPEQ---ETDLAVEKTYRIQIQ-~~~~=-==~~—~~

Ficure 9: Sequence alignment of the phosphotransfer domains of CheA or its homologk.famth (EcA; Kofoid & Parkinson, 1991),
Rhizobium melilot{RmA; Greck et al., 1995Bacillus subtilis(BsA; Fuhrer & Ordal, 1991)Thermotoga maritim§TmA; Swanson et al.,
1996),Borrelia burgdorferi(BbA; G. A. Trueba and R. C. Johnson, unpublished, GenBank entry U289%23chocystis spSsA; Kaneko

et al., 1995)Halobacterium salinariunfHsA; Rudolph & Oesterhelt, 1995Rhodobacter sphaeroidéRsA; M. J. Ward, A. W. Bell, and

J. P. Armitage, unpublished, GenBank entry S492i)xococcus xanthu$rzE; McCleary & Zusman, 1990), andsteria monocytogenes

(LmA; Dons et al., 1994). Amino acids that are conserved in seven or more sequences are shaded. The helical regions and residue
numbers indicated above the sequences ar&faoli CheA. The C-terminal regions of the sequences included in the alignment are
domain linkers. The sequences were aligned using the program Clustal W 1.6 (Thompson et al., 1994).

the group which causes the rising edge of the curve of the of the phosphotransfer domain (Zhou et al., 1995), the
pH-dependent phosphotransfer rate. The small differencehydrogen bond partner(s) of His48 cannot be clearly identi-
in the K, values from our study and the indirect measure- fied at this stage, although several side chain carboxyl or
ment of Conley et al. (1994) may result from different backbone carbonyl groups are in close proximity with the
experimental conditions and techniques. The other titratableimidazole ring of His48.
group remains unidentified and may reside in the kinase For His67, the [, value for N* higher than those from
domain. the carbon-bound ring protons ane?hhdicates an interesting
NYIH of His48 is strongly protected from deprotonation situation which is not often observed. This phenomenon
likely by hydrogen bonding. The transition from the charged cannot be easily explained solely by pH-independent tau-
state to neutral states is largely associated with the depro-tomerization and fast ring rotation, which result in similar
tonation of the KPH nitrogen. Since N is the site of pKa values for the ring protons and nitrogens. However,
phosphorylation in the imidazole ring, deprotonation of this the nitrogen chemical shifts at high pH can be well explained
nitrogen and stabilization of the’NH tautomer seem to be by tautomerization, indicating the presence of fast exchange
critical to the phosphotransfer. TheIM nitrogen of His48 between the tautomers. Therefore, pH-dependent disruption
likely acts as a hydrogen bond donor. There are also of the tautomerization equilibrium or changes in electronic
indications that K in the neutral tautomers is also hydrogen- induction effects on the imidazole atoms may be responsible
bonded. Due to the low resolution of the current structure for the apparent titration differences observed. This situation
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Ficure 10: Helical wheel diagram of the putative fold of the phosphotransfer domains of the CheA homologs from different organisms.
The residues, from inner to outer circles, are for CheA or its homologs Earli, B. subtilis T. maritima, H. salinarium andM. xanthus
respectively. The sequence alignment is from Figure 9. Helices A, C, and E are viewed from their C termini, while helices B and D are
viewed from their N termini. The positions of helix starts and ends, the relative helix orientations, and the turns joining the helices are
based on the general fold & coli CheA (Zhou et al., 1995). For other CheA homologs, the helices, especially D and E, may need to be
rotated to have more favorable hydrophobic interactions. Hydrophobic residues are shaded. Filled circles indicate the rEsithles in
CheA that are affected by phosphorylation or titration of His48. The residue numbers inside the helical wheels denote the first N-terminal
residues of the helices included in the diagram.

might be caused by pH-dependent changes in interactions(Rajagopal et al., 1994; Pullen et al., 1995; Pelton et al.,
between His67 and possibly His48 or other nearby titratable 1993). In HPr, the phosphorylation sites His15 and Ser46
groups. The interactions of His67 with the phosphorylation reside in loops joining-strands and helices. Both residues
site were indicated by the slight resonance changes of theform the N-caps of the helices. Electrostatic interactions
His67 imidazole ring upon phosphorylation of His48. These between the helix dipole and the negatively charged phos-
interactions might require that the imidazole ring of His67 phoryl group are important for the stabilization of the
have a fairly stable orientation. Fast ring rotation averages phosphohistidine or the phosphoserine. The phosphorylation
different environments and may result in similar titration histidine in succinyl-CoA synthetase (SCS) is located in an
behavior for the two nitrogens. It is also worth noting that extended loop (Wolodko et al., 1994). The phosphohistidine
pH-dependent chemical shift changes in a protein are alsois stabilized by interactions with two helix dipoles and a
complicated by additional contributions from structural glutamate residue. Having the phosphorylation residue near
changes. These changes may not carry a simple pH-the N terminus of a helix may be a general motif for proteins
dependent property reflecting th&gpof the imidazole ring capable of phosphorylation. Helix dipole effects also appear
under study and also can be localized to a specific atom into be responsible for the lowk values of the unphospho-
the imidazole ring. rylated histidines in HPr and fI°. However, in our case,
The effects of phosphorylation and the mechanisms to although the C-terminal position of His48 in Chehg, is
stabilize the phosphoryl groups have been studied for otherconsistent with its relatively highli, value, helix dipole
proteins. Localized and small structural changes upon effects do not seem to play an important role in stabilizing
phosphorylation were observed for both the histidine- and the phosphohistidine; instead, hydrogen bonding to several
serine-phosphorylated forms of the histidine-containing residues in helices B and C may contribute the most to the
protein (HPr) and the phosphocarrier proteirf'fllin the stabilization. These differences suggest a new structural
phosphoenolpyruvate:glycose phosphotransferase system (PTShotif at the active site of phosphorylation proteins which
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appear to be conserved among the CheA homologs. Ad-(7.8). In addition, the resonances from thé'l or N<2H
ditionally, phosphorylation at theRiposition rather than at  protons have not been observed for CheA under our
the N’! position also contributes to the stability of the experimental conditions. Further detailed comparisons of
phosphohistidine, since’8phosphonhistidine is more labile  the two kinases should reveal more mechanistic similarities.
than N2-phosphonhistidine (Hultquist et al., 1966).
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