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ABSTRACT. Autophosphorylation of the homodimeric two-component system transmitter protein nitrogen
regulator Il (NRII; also NtrB) ofEscherichia coliis the first step in the activation of nitrogen-regulated
(Ntr) gene transcription. We show that the autophosphorylation of NRIl was asymmetric, with
phosphorylation of the first and second subunits of the dimer displaying different equilibria (under our
experimental conditionk; ~ 0.345,K; ~ 0.0044). Phosphorylation of both subunits of NRII was rapid,

but the very rapid reversal of the phosphorylation of the second subunit was responsible for the equilibrium
position of the reaction. Complete phosphorylation of NRII was only observed under conditions where
ADP, a product of the autophosphorylation reaction, was removed by an enzymatic system. Purified,
doubly phosphorylated NRII (NR#P,) was stable in the absence of nucleotides &tCObut was
dephosphorylated to the hemiphosphorylated form at@7In the presence of a low concentration of
ADP, half of the phosphoryl groups from NRIP, were rapidly dephosphorylated, while the remaining
phosphoryl groups were slowly dephosphorylated. Experiments with heterodimers containing wild-type
and mutant, nonphosphorylatable subunits suggested that the asymmetry of NRII autophosphorylation
was not preexisting but resulted from the autophosphorylation of one subunit.

The two-component signal transduction systems constitutetional only when dimeric §), bind ATP and catalyze the
the largest family of related signal transduction systems (for phosphorylation of a conserved histidine residue within the
review see refd and?2). In these systems, the phosphoryl- transmitter domain@). [In a small number of exceptions
ation state of a protein known as the “receiver” is used to the phosphorylation site is outside of the transmitter domain
propagate a signal. The phosphorylation state of the receiver(7).] This autophosphorylation reaction occurs in trans within
is controlled by one or more “transmitter” proteins, which the dimer; that is, one subunit binds ATP and phosphorylates
may act to bring about its phosphorylation or dephospho- the other within the dimer8-10). For NRII, the trans-
rylation, and by the accumulation of small phosphorylated intramolecular mechanism was shown to be the exclusive
metabolic intermediates that can directly phosphorylate the means of autophosphorylatiohd).
receiver. In addition, unrelated phosphatase enzymes may The receiver protein binds the phosphorylated transmitter
act to dephosphorylate receiver proteigy Qifferent two- and catalyzes the transfer of phosphoryl groups from the
component systems display different signal sensation mech-phosphorylated histidine of the transmitter to a conserved
anisms, and the signal constituted by the phosphorylation aspartate residue within the receiver domdih (L2). In the
of receivers may be translated in a wide variety of ways, NRI/NRII system and several other systems, the rate of this
including regulation of gene transcription and enzyme phosphotransfer reaction is far greater than the rate of
activity. In Escherichia coliand related bacteria, the tran- transmitter autophosphorylatioa, 13, 14).

scription of a set of nitrogen-regulated genes known as the - pposphorylation of the receiver domain is a transient event,
Ntr regulon is controlled by the receiver nitrogen regulator owing to the instability of the phosphorylated aspartate
I (NRI or NtrC)," whose phosphorylation state is controlled - mojety. However, several factors render the phosphorylated
by the transmitter nitrogen regulator Il (NRIl or Nir#).  recejver even more unstable than a typical acyl-phosphate.
The phosphorylation of receiver proteins by transmitter pirst, the phosphorylated receivers seem to catalyze their own
proteins has been examined for several different two- gephosphorylation, an activity referred to as the autophos-
component systems. Transmitter proteins, which are func- phatase activityX5). NRI~P has a modest autophosphatase
activity, resulting in a half-life at neutral pH of about 4 min

G TTth:a gggg%%ségt;pporttﬁd ﬁ’sgra”t GM47460 from the NIH and (11, 15). Second, interaction with other proteins may result
ran rom the . . . .
* To whom correspondence should be addressed: Phone 734-763-1 the very rapid dephosphorylation of the phosphorylated

8065; Fax 734-763-4581; Email aninfa@umich.edu. receiver. In the NRI/NRII system, an additional protein
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LDH, lactate dehydrogenase; BSA, bovine serum albumin; NRII, ; D ; :
nitrogen regulator 1l [NtrB, product ogInL (ntrB)]; NRI, nitrogen phoylation @6). NRI~P is rapidly dephosphorylated in the

regulator | [NtrC, product oginG (ntrC)]; PII, signal transduction ~ Presence of Pll and NRIK, an activity referred to as the
protein encoded by thelnB gene. regulated phosphatase activity of NRII5j. Various lines
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of evidence suggest that the role of Pl is strictly regulatory described above. Control experiment 1 consisted of NRII
in this activity, such as the identification of mutant forms of alone treated with urea in the presence of an equivalent
NRII that bring about the dephosphorylation of NFR in amount of BSA instead of H139N. Control experiment 2
the absence of PII1{, 18). consisted of mixing NRIl and NRII-H139N (1:6.12 ratio)

We investigated the stoichiometry of NRII autophospho- just before adding to the autophosphorylation reaction.
rylation. For our studies, we took advantage of the small During the course of our studies, we observed that NRiI
size and convenient behavior of NRII to perform several and NRIIH-139N slowly exchange subunits in the absence
simple, qualitative assessments of the stoichiometry of NRII Of urea treatment (unpublished data). We formed het-
autophosphorylation, as well as quantitative assessment oferodimers by incubating NRII and NRII-H139N (1:10 ratio,
this stoichiometry. Our results indicate that NRII autophos- 3 #M and 304M) in 50 mM Tris-HCI, pH 7.5, 10 mM
phorylation was asymmetric, due to distinct equilibria for MJClz, and 100 mM KCI at 37C for 3 h. Controls were

the phosphorylation of the first and second sites in the dimer. NRIl with an equivalent amount of BSA instead of H139N,
and H139N alone. Phosphorylation reactions were as above,

with 0.5 mM ATP, 1uM NRIl, and 0.5 mg/mL BSA, at 0
°C. Control experiment 1 was NRII alone; control experiment
2 was NRII and NRII-H139N, which had been incubated
terminal domain of NRI (NRI-N), PIl, and NRII-H139N alone, combined just before adding to autophosphorylation
described previouslyl@, 16, 17) were used. NRIl and NRIl-  reactions.

H139N were about 90% pure, as judged by the appearance Polyacrylamide Gel Electrophoresis and Thin-Layer Chro-
of the samples after SD$olyacrylamide gel electrophoresis  matographyNondenaturing (simple) gel electrophoresis was
and staining with Coomassie Brilliant Blue R250 (not conducted as described previousBO) Urea gel electro-
shown). The preparations of PIl and NRI-N appeared to be phoresis involved the same protocol, except that both
homogeneous by similar analysis (not shown). Protein stacking and resolving gels contaihé M urea, and samples
concentrations were determined by the method of Lowry were made 46 M urea prior to loading. Gels were stained

MATERIALS AND METHODS

Purified Proteins The preparations of NRII, the N-

(19), with BSA as the standard. The concentrations of NRII
and NRII-H139N were calculated from the protein concen-
tration, without accounting for the presence of contaminants.
Thus, our calculated concentrations of NRIl and NRII-

with Coomassie Brilliant Blue R250, destained, dried onto
cellophane, and scanned with a desktop scanner to provide
the image. Thin-layer chromatography to resolve ATP, ADP,
AMP, and P was performed as described previoushi)(

H139N are overestimated byl0%. PK and LDH were from
Sigma.

Autophosphorylation Reaction€onditions were 50 mM
Tris—Cl, pH 7.5, 10 mM MgC}4, 100 mM KCI, 0.3 or 0.5
mg/mL BSA, as indicated, and ATP, NRII, and temperature
as indicated. For quantitative experiments, autophosphoryl-
ation reactions containing[®?P]JATP were used, as previ-
ously (17). At various times, 4L aliquots were spotted onto

A pencil tracing of the nucleotide spots and the autoradio-
graph was aligned by using three spots of radioactive ink
outside of the area of the plate (cropped from the final
image), and the composite was scanned with a desktop
scanner to provide the image.

Modeling and SimulationsThe reaction scheme is as
follows:

nitrocellulose filters, immersed in 0.1 M NaO; (pH ~ 11), ATP ADP ATP ADP
and washed extensively with M20;. Filters were then dried NRII NRIIP NRIIP,
and counted by liquid scintillation. To determine the specific Kegn Keqe
activity of ATP, aliquots of the reaction mixtures were (NRII~P][ADP]
counted directly, without washing, after spotting onto filters. U ——
Coupled Assay SysterReactions were performed and [NRII~P,J[ADP]
analyzed spectrophotometrically as described previotsly ( % = TNRIPIATP]

Reaction volume was 350L and temperature was 3.
Conditions were 50 mM Tris-HCI, pH 7.5, 10 mM Mgl
100 mM KCI, 1 mM PEP, 6.9 units of PK, 0.3 M NADH,
23 units of LDH, and indicated concentrations of ATP, NRII,
and NRI-N.

Formation of NRII/NRII-H139N Heterodimers and Analy-
sis of Their AutophosphorylationThe urea denaturation/

[NRIl]o = [NRI] + [NRII~P] + [NRII~P}]
[ATP]o = [ATP] + [ADP]
[ADP] = [NRII~P] + 2 [NRII~Py)].

For model 1, wheréeq = Keg2

renaturation protocol described previously)was used in 1 2K, on(So)z

some experiments, as noted. Briefly, NRIl and NRII-H139N K + Kegz= q—3 +

dimers (1:6.12 ratio) were combined and treated with urea "“eql P

(2.8 M final concentration), incubated for 3 min at 30, (EeS) — 4K dExS) — Keqé(S))2

and dialyzed against 50 mM Tris-HCI, pH 7.5, and 100 mM > +

KCI. After dialysis, the protein concentration was determined P

by the method of Lowry19). Autophosphorylation reactions 2(KeqD) + 2(KegFd) “Eo — S +1

were 50 mM Tris-HCI, pH 7.5, 25 mM Mggl 100 mM P
KCL, 1 mM DTT, 0.3 mg/mL BSA, 0.5 mM ATP, and 1
uM NRII and temperature was BC. The extent of auto- whereEy = [NRIl]o, S = [ATP]o, and P = [ADP]. For

phosphorylation was determined by liquid scintillation, as model 2, wheréKeqr = Keqz = Keq
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Estimation of Equilibrium Constant®ata from experi- “ L L]

ments conducted at @C was fit by using the equations
described above. For model 1, best fit of the data occurred
whenKeq: = 0.345 andKeq, = 0.00442. These values were
used to plot the solid lines in Figure 2A and Figure 2B. FicURe 1. Autophosphorylation of NRII and effect of temperature
For model 2, the data could not be fit to the equation sh_if:. Condi(tjionst;gﬁgfj as |\i1nR|l;Ait$r:il\7li ?Sdo'\él?rt]hc/)r?]sﬁ E{giction
; ; ; in mixtures and con .
(Figure 2, dotted Im?)'. The dotted lines shov&n In Figure 2 and 1 mM DTT. At the ing\élated times, aliquofs of rez-?ction mixtures
represent_s the predictions Of, quel 2 Whééa = 0.1. For were spotted onto nitrocellulose filters, which were washed and
the experimental data shown in Figure 2, the ATP concentra-counted as in Materials and Methods. The initial reaction temper-
tion was corrected for the amount of ADP in the ATP stock ature was OC, and after 30 min the reaction was shifted to®80
solution. This was determined by use of the PK/LDH coupled
enzymatic system described above.

20 25 30 35 40

Time (min}

Table 1: Determination of the ATR,, for NRII

Phosphorylation of NRI-NReaction mixtures were as Autophosphorylation
described previouslyl@), contained NRI-N, NRII, ATP, PK, method [ATP] examined Kpn (uM)  Keaf (Min1)
and PEP as indicated, and were incubated at@5 At coupled assay systém 9 18+ 1 3.88+ 0.05
various times, aliquots were removed and spotted onto filter method 9 31+14  1.42+0.03

nitrocellulose filters, which were immersed and washed
extensively in 5% TCA, as described previouslg) TCA-
precipitable radioactivity was determined by liquid scintil-
lation counting. For experiments where the effect of PII
addition on the extent of NRI-NP dephosphorylation was
determined, reaction mixtures contained NRIL(2), NRI-N

(1 uM), ATP (0.5 mM), 2-ketoglutarate (3@M, a ligand of

PII that regulates its interaction with NRII), and BSA (0.3

aper dimer.” Determined at 30C in the presence of excess NRI-N
and 0.6«M NRII. ¢ Direct measurement of NRII autophosphorylation
in the absence of NRI-N. NRII was/&M and the incubation was at 0
°C.

autophosphorylation was dependent on the temperature; with
slightly more extensive autophosphorylation seen &C0
than at 30°C (Figure 1 and data not shown). Upon
' . temperature shift, the reaction mixture quickly established a
mg/mL), = PK and PEP as above. Reactions initially lacked e\ steady-state level of NRII autophosphorylation (Figure
PIl to permit the phosphorylation of NRI-N. After this 1 5nq gata not shown). These results indicate that a slightly
phqsphorylatlon had reached equilibrium, PII Was_added aS|ower extent of autophosphorylation was obtained when
indicated and the extent of NRI phosphorylation was App generated in the autophosphorylation reaction, was not
monitored at various times as above. removed. Although the discrepancy between the two assay
RESULTS methods was relatively minor when ATP was 1 mM, it was
quite reproducible, and more prominent when lower con-
Stoichiometry of NRII AutophosphorylatioBur studies centrations of ATP were used (data not shown, see Figure
of NRII autophosphorylation stoichiometry were motivated 2).
by the observation that a different stoichiometry of auto-  The autophosphorylation of NRII could be pushed nearly
phosphorylation was obtained, depending on the assayto completion in reaction mixtures where ADP was not
method. When NRII autophosphorylation was measured in removed, by incubation with high concentrations of ATP at
the presence of a coupled enzyme system that regenerate8 °C (Figure 2). The equilibrium extent of autophosphoryl-
ATP from the ADP formed in the autophosphorylation ation as ATP was varied was not consistent with a mecha-
reaction (4, 16, Materials and Methods), 86% of the sites nism goverened by a single equilibrium constant (Figure 2A,
were phosphorylated within 2 min at 3C. Since the NRII dotted line) but was consistent with a mechanism in which
proparation used in this study wa$90% pure, this corre-  the two subunits of an NRII dimer were phosphorylated with
sponds to essentially complete phosphorylation of NRII. distinct equilibrium constants (Figure 2A, solid line). Our
However, when NRII autophosphorylation was assessed bydata suggest that the phosphorylation of the first subunit had
the incorporation of label fromyF3?P]ATP in experiments  Keq~ 0.35, and phosphorylation of the second subunit had
where ADP was not removed during the course of the Keq~ 0.0044 (Figure 2). Similarly, when ADP was added
reaction, a smaller fraction of the available sites became at various concentrations to reaction mixtures where the
autophosphorylated at ATP concentrations well above theinitial concentration of ATP was fixed, the extent of NRII

apparentK, (Figure 1, Table 1). Typical results for auto-
phosphorylation reactions conducted &@®and containing
1 mM ATP are shown in Figure 1, as well as the effect of
a temperature shift from 0 to 30C. The extent of

phosphorylation and the final ratios of ATP/ADP were fit
well to a model with distinct equilibrium constants for
phosphorylation of the two subunits of the NRIl dimer
(Figure 2B, solid line) and could not be fit to a model where
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Ficure 3: Nondenaturing (simple) gel electrophoresis analysis of
NRII autophosphorylation. Autophosphorylation reactions contain-

100

80 . ing 14M NRII, no BSA, and the indicated ATP concentration were
1 incubated for 20 min at 30C, after which EDTA was added to 50

60 4 mM to stop the reactions and glycerol was added to 10% (v/v) to
] facilitate gel loading. The gel was run at@ for 2 h at 150 V in

40 3 a Bio-Rad minigel apparatus and stained with Commassie Brilliant
] Blue R-250.

20 ] autophosphorylated dimers migrated more rapidly than
. o unphosphorylated NRII dimers. When the low concentration
01 N oo 1000 of 0.05 mM ATP was used, NRII was partially phospho-

[ATPYIADP] rylated, leading to two discrete bands upon electrophoresis,

Ficure 2: Extent of NRIl phosphorylation fits a model where while at 5 mM ATP, only the band corresponding to NRR

phosphorylation of the two subunits of the dimer have distinct Was observgd (Figure 3). In additional eXperimen_tS USing
equilibria. (A) Phosphorylation at equilibrium with varied [ATP] [y-*2P]ATP, it was observed that only the faster-migrating

Reactions were as in Materials and Methods, and containdd 5 species observed on nondenaturing gels was phosphorylated

NRIl and 0.5 mg/mL BSA. Reactions were incubated &C0for ; ;
30 min. The solid line is a simulation of model 1 (Materials and (E. S. Kamberov and A.J.N., unpublished data). Since

Methods), wheréeq = 0.3389 andleq = 0.004669. The dashed (qualitatively) all of the NRII coglq_ be converted. to NRIP,
line is a simulation using model 2 (Materials and Methods) where these results exclude the possibility that a significant fraction
Keq = 0.1 @ and @ are data from two separate experiments. (B) of our NRII protein preparation was inactive (Figure 3).

Effect of the ratio [ATP]/[ADP] on the extent of NRII autophos-  Similar results were obtained with several other preparations
phorylation at equilibrium. Conditions were as in panel A, except of NRII (data not shown)

that [ADP] was varied from 0 to 5 mM and [ATP] was fixed at 3 .
mM. The ADP present in the ATP stock solution was estimated 1 ne extent of NRII autophosphorylation could also be

by the PK-LDH coupled assay system (Materials and Methods) assessed on denaturing urea-containing gels, where phos-
and used to correct the final [ADP)J/[ATP]. The solid line is a phorylated subunits migrated more rapidly than did unphos-
simulation with model 1 an#eq1 = 0.35 andKeq = 0.0044. The  phorylated subunits (Figure 4). Under conditions where
dashed line is a simulation with model 2 ai{g; = 0.1.® and ¢ ~50% of the sites were phosphorylated in quantitative
are data from two experiments. . - o
experiments (Figure 2) and where qualitatively all of the

a single equilibrium constant described the process (FigureNRII migrated as the phosphorylated species on nondena-
2B, dotted line). turing gels (Figure 3), about 50% of the NRII subunits

Determinations of stoichiometry may be subject to errors appeared to be phosphorylated on urea-containing gels
due to inaccuracy in the estimation of protein concentration, (Figure 4 and data not shown). Thus, under certain reaction
the presence of inactive protein molecules, and inaccuracyconditions, essentially all of the NRII dimers became
in the estimation of the levels of phosphorylation. To phosphorylated on a single subunit, that is, became hemi-
qualitatively examine the extent of autophosphorylation of phosphorylated. The internal consistency of these results
NRII, we examined the mobility of NRIl and NRHP on suggested that our determination of protein concentration by
nondenaturing polyacrylamide gels and examined the mobil- the method of Lowry was accurate.
ity of NRII subunits on denaturing polyacrylamide gels  Autophosphorylation of NRII in Heterodimers with NRII-
containing urea as the denaturant (in place of the typically H139N SubunitsAnother way to qualitatively examine the
used SDS). The nondenaturing gels proved useful for stoichiometry of NRII autophosphorylation is to examine the
examining the fraction of dimers that were phosphorylated, effect of forming heterodimers with wild-type NRII subunits
while the denaturing urea gels, where separation is on theand mutant subunits containing the nonphosphorylatable
basis of charge as well as mass, proved useful for theH139N alteration at the site of autophosphorylation. We
estimation of the fraction of NRIlI subunits that were previously showed that the autophosphorylation of NRII
phosphorylated. proceeds exclusively by a trans-intramolecular mechanism,

As shown in Figure 3, autophosphorylation of NRII could in which ATP bound to one subunit is used to phosphorylate
be monitored by nondenaturing gel electrophoresis, since thethe target H139 residue on the other subudid)( Also,

NRII Phosphorylation (% of Site)
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Ficure 4: Urea gel electrophoretic analysis of NRII autophospho-
rylation. Autophosphorylation reactions containingd NRII, no
BSA, PK at 0.02 unig/L, where indicated, PEP at 1 mM, where
indicated, and 0.1 mM ATP were incubated for 30 min at°€5
after which urea was added to a final concentratibé M to stop
the reactions and facilitate gel loading. The gel was run°& for

2 h at 200 V and stained with Coomassie Brilliant Blue R-250.
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H139N subunits, while unable to become autophosphoryl-
ated, can phosphorylate their partner in heterodimers if that _ . .
partner has a W||d_type S|te Of autophosphorylaum)(AS FIGURE 5: AutOphOSphOI’ylatlon of NRII subunits when present n

) : heterodimers with H139N subunits. (A) Heterodimers formed by
before, we formed NRII/NRII-H139N heterodimers from coincubation of NRII and NRII-H139N. NRII was incubated with

mixtures of the wild-type and mutant proteins, by treatment gsa (0) or with a 10-fold excess of NRII-H139NT) for 3 h at
with a low concentration of urea followed by dialysis to 37°C. Autophosphorylation reactions contained 0.5 mM3P]ATP
remove the uredl(). Additionally, in the course of our work ~ and were incubated at @ for the indicated times, after which

we observed that NRII subunits underwent slow dynamic samples were removed, spotted onto nitrocellulose filters, and
analyzed as in Materials and Methods. All reactions contained 1

exchange in solution: leading to spontaneoqs heterOdimeryM NRII. The reactions indicates contained M NRII and 10
formation over a period of about- h (P. Jiang et al., ;M NRII-H139N mixed immediately before adding to the auto-
manuscript in preparation). Thus, we had two methods for phosphorylation reaction. The percentage of sites and relative yield
forming heterodimers between NRII and NRII-H139N for the three autophosphorylation reactions is as follows) (

subunits (mixing and waiting; mixing, urea treatment, and 47-4%, 1.0; &) 51.3%, 1.08[0 82.9%, 1.75. (B) Heterodimers
ormed by urea treatment and dialysis of protein mixtures. NRII

dialysis). Previous and unpublished experiments suggested,,q NRIIZH139N in a 1:6.12 ratio(), NRII with an equivalent
that subunits exchanged similarly, such that the distribution amount of BSA ©), and NRII-H139N in isolation were subjected
of subunits into various species reflected the simple propor- to the urea/dialysis protocol. After dialysis, the NRII-H139N sample

tion of those subunits in the mixturé®). Thus, for example, =~ Was combined with the NRII sample (6.12 to 1 molar ratio) to

Py P . ; i he samples designated with Autophosphorylation
by mixing NRIl and NRII-H139N subunits in a 1:10 ratio, ~Cconstitute the s ;
~90% of the wild-type subunits should be distributed into reactions contained 0.5 m\y PPIATP and were incubated at 0
yp C for the indicated times, after which samples were removed,

heterodimers with an NRII-H139N subunit. spotted onto nitrocellulose filters, and analyzed as in Materials and

The ability to form heterodimers of NRIl and NRII-H139N ~ Methods. All reactions contained/4M NRII. The percentage of

subunits permitted us to address the issue of the extent ofy ftes and ﬂ?lat've yield for th? three reactions is as follows), (
s ! : 31.0%, 1.0; &), 36.6%, 1.18; @), 56.1%, 1.8. Extent of auto-

autophosphorylation in wild-type NRII dimers under those phosphorylation in panel B is lower than in panel A because the
conditions where the reaction seemed to result in hemiphos-urea/dialysis method results in some loss of activity.
phorylation of NRII. If this extent was really 100% of the
available sites (for example, if the Lowry determination of a doubling of the extent of NRII autophosphorylation when
protein concentration was not accurate), then the presenceall of the wild-type subunits are distributed into heterodimers
of a huge excess of NRII-H139N subunits could not increase with NRII-H139N subunits.
the extent of NRII autophosphorylation. On the other hand, In one experiment, heterodimers were formed by mixing
if NRII ~P consisted of an equal mixture of phosphorylated the two proteins and incubatingrf@ h at 37°C, while in a
and unphosphorylated subunits (i.e., if the single speciessecond experiment, heterodimers were formed by subjecting
obseved on nondenaturing gels was the hemiphosphorylatedhe mixture of proteins to the urea denaturation and dialysis
form), then redistribution of these wild-type subunits into protocol (Materials and Methods). In both experiments, the
heterodimers with NRII-H139N subunits may increase the extent of NRII phosphorylation was approximately doubled
extent of their autophosphorylation. Specifically, if there was by the distribution of most of the wild-type subunits into
asymmetry of autophosphorylation, and if this asymmetry heterodimers with H139N subunits (Figure 5). These obser-
was solely due to autophosphorylation itself, then we expect vations suggest that, in wild-type NRIl homodimers, only
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about half of the available sites were autophosphorylated at
equilibrium under the conditions used and that (qualitatively)
all of the sites were able to become autophosphorylated when

=
E
2
3
present in heterodimers with H139N subunits (Figure 5). g 5 £ 5 § § 85§ &
_ : g £ EE E EEE E
Thus, NRII was hemiphosphorylated, unless very high § A 22 2 8292 82
concentrations of ATP were present (Figure 2) or ADP was 5 L . — —
removed by a coupled enzymatic system. = g _ 31 0°C

NRII~P before column

A
\
3

Stoichiometry of NRII Autophosphorylation in the Presence
of an Enzymatic System for the Remioof ADP. We noted
above that nearly complete autophosphorylation of NRII was
obtained when NRII autophosphorylation was measured NRII subunits
spectrophotometrically by coupling to the PK and LDH |
reactions ¢ 86% of sites phosphorylated within2minat30 = - o & 8 S T o o @ N
°C). Nearly complete autophosphorylation of both sites in
NRIl was also obtained when ADP was enzymatically
removed from reaction mixtures by the inclusion of pyruvate
kinase and its substrate, phosphopyruvate, in the absence
of LDH and NADH. Urea gel analysis showed that when ) S
ATP was 0.1 mM, such inclusion shifted the extent of NRII Urea-Polyacrylamide Gel
autophosphorylation from-50% to nearly complete auto-  Figure 6: Urea gel analysis of the stability of doubly phospho-
phosphorylation (Figure 4). Control experiments indicated rylated NRII dimers. Doubly phosphorylated NRII dimers were
that neither PK alone (Figure 4) nor PEP alone (not shown) prepared in the presence of 0.5 mM ATP, 0.02 whitPK, and 1
could stimulate the phosphorylation of NRIl when added MM PEP and the autophosphorylation reaction mixture was

. ...Subjected to gel filtration at 4C on a 12 mL Sephadex G-25
separately at these concentrations. Th.ese results, along with Jiimn in 50 mM Tris-HCI, pH 7.5, 200 mM KCI, 1 mM DTT,
the results from the autophosphorylation measurements byand 10% (v/v) glycerol. The peak fraction containing NRF, was
coupling to NADH oxidation, suggested that the presence incubated at the indicated temperature for the indicated times, after
of a very low concentration of ADP, generated in the Which urea was added t6 M final concentration to stop the
autophosphorylation reaction, prevented the phosphorylationreacuons' The electrophoresis protocol was as described for Figure

of the second subunit of NRII dimers. 4.

Stability of Doubly Phosphorylated NRIl Di_mefQouny at the high concentration of 2 mM (Figure 7B). Phosphoryl
phosphorylated NRII dimers were prepared in the presencegroups from NRI-32P appeared in ATP and did not appear
of PK and PEP and separa_ted from low molecular mass;, P, in these experiments, as revealed by thin-layer
reaction components by gel-filtration chromatography (Ma- o, omatography (Figure 7C). Since the ATP used in these
terials and Methods). These dimers were used to assess thg, e riments was rendered free of ADP, these results suggest
stability .Of the phosphoryl groups in the doqbly phospho- that ADP generated upon the phosphorylation of a small
rylated dimer. In the absence of added nucleotides, the doubly,, ,mber of unmodified sites in our doubly phosphorylated

phosphorylated dimers were stable at’© but decayed g ~32p : .- ; .
o . ~32P preparation was sufficient to bring about the rapid
slowly at 37 °C such that~50% of the subunits were exchange of isotope from NR¥ZP.,

phosphorylated after 90 min, as assessed by urea gel
electrophoresis (Figure 6). Upon addition of excess ADP and . ;
fop sis (Figure 6). Upon f1on O excess examined in the presence of ADP at 2M and 100uM

Mg?*, NRIl was completely dephosphorylated at both 37 =7 )
and 0°C, as assessed by urea gel electrophoresis (not shown)(.':Igure 8). As shown, approximately 50% of the phosphoryl

Similarly, addition of excess N-terminal domain of NRI groups were rapidly tumned over, while the remaining
(NRI-N) resulted in the complete dephosphorylation of phosphoryl groups were iLOWIy turned over. Thus, the
NRII~P,, as determined by urea gel analysis (not shown). deph_osphorylatlon of NRHP by ADP was also asym-
Doubly phosphorylated NRII dimers labeled witl® were metric. _
formed by use of}-32PJATP to phosphorylate NRI! in the Effect of Pll on the Extent of NRII Autophosphorylation
presence of PK and PEP and purified by gel filtration Previous studies have shown that the PII protein regulates
chromatography. Urea gel analysis of our doubly phospho- the extent of NRI phosphorylation by inhibiting the rate of
rylated NRIF2P, preparation suggested that it wa90%  NRII autophosphorylation and by activating the dephospho-
phosphorylated (not shown), similar to the nonradioactive fylation of NR~P by NRII. We examined the effect of Pl
sample shown in Figure 6. The stability of NRf2P was ~ on the rate and extent of NRII autophosphorylation in
assessed at 2% in the absence of ATP or upon addition reaction mixtures containing or lacking PK and PEP (Figure
of ATP at various concentrations (Figure 7). The ATP used 9)- These reaction mixtures also contained BSA at 0.5 mg/
in these experiments was rendered free of ADP by prein- ML (to quench nonspecific effects due to slightly different
cubation with PK and PEP. When PK and PEP were presentProtein concentration) and 2-ketoglutarate, which allosteri-
in the final reaction mixtures to remove ADP, NRf2P was ~ cally regulates the binding of Pl to NRII. Control experi-
stable in the presence of ATP (Figure 7A) However, when ments indicated that BSA and 2-ketog|utarate at these
ADP was allowed to accumulate, addition of ATP to concentrations had no effect on the extent of NRII auto-
NRII~2P resulted in the rapid turnover of phosphoryl groups Phosphorylation in the absence of PII (not shown).
from NRII~32P. ATP at the low concentration of 20M In the absence of PK and PEP, PII inhibited the rate of
caused a greater destabilization of NRP than did ATP NRII autophosphorylation, as described previoudl§) but

NRII~P subunits

The kinetics of dephosphorylation of NRI¥?P was
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FicUrRE 8: Dephosphorylation of NR#¥32P, by ADP. Reaction
conditions were as for the autophosphorylation of NRII, except that
ATP was omitted and NR#32P, was used in place of NRII.
Reaction mixtures contained NRI#2P, (1.1 uM), 2-ketoglutarate
(0.03 mM), and BSA (0.5 mg/mL); the incubation temperature was
0°C. Attime 0, reactions were initiated by addition of the following
(to the final concentations indicated)D,(<) no addition; {0) 100

uM ADP; (x) 20 uM ADP. Two controls are shown because the
data for 10uM ADP and 20uM ADP were performed in separate
experiments using the same NRIP, preparation.

Cc

80 — T T T T T T
[ATP]uM-> 0 20 200 2000 O 20 200 2000 L

Ficure 7: Stability of NRI~P in the presence of ATP. Doubly :
phosphorylated NR#P was formed and purified by gel filtration 60 |
as described for Figure 6, except that3(P]ATP was used. The .
unlabeled ATP used to dilute the radioactive stock solution was
rendered free from ADP by pretreatment in the following reaction
mixture for 10 min at 25C: 50 mM ATP, 50 mM Tris-HCI, pH
7.5, 10 mM MgC}, 100 mM KCI, 0.02 unitL PK, and 3 mM
PEP. NRINMP was incubated at 25C with conditions as follows: i
10 mM MgCh, 50 mM Tris-HCI, pH 7.5, and 184 mM KCI. 20 |
Symbols: ©), NRII~P alone; @), NRII~P + 20 uM ATP; (»), i
NRII~P + 200 uM ATP; (x), NRII~P + 2 mM ATP. (A) 10
Incubation as above and containing in addition 0.02 uhitPK

and 1 mM PEP. (B) Incubation in the absence of PK and PEP. For
panels A and B, samples were removed at the indicated times, 0.0 5.0 10 15 20
spotted onto filters, and analyzed as in Materials and Methods. (C)
Thin-layer chromatography analysis of the 60 min samples from
the experiments shown in panels A and B. Samples were broughtFIGURE 9: Effect of PK, PEP, and PII on the extent and rate of
to 0.9% SDS to stop the reactions and spotted along with with a NRII autophosphorylation. Reaction mixtures contained NRII (2
carrier containing unlabeled AMP, ADP, and ATP. In the orientation #M), [y-32P]JATP (0.05 mM), 2-ketoglutarate (0.03 mM), and BSA
shown, migration was from bottom to top. After chromatography, (0.5 mg/mL). Where indicated, Pll was present a2 PK was

a pencil tracing of the nucleotide spots was made while the plate 0.02 unitkL, and PEP was 1 mM. Incubation was at 26.
was illuminated with a UV lamp. Autoradiography was performed, Symbols: ®) no PII, PK, or PEP;©) PII present; 1) PK and
and the aligned X-ray film and pencil tracing are shown. Samples PEP present;X) PIl, PK, and PEP present.

designated C contained the NRIP, preparation control (samples

stored on ice). of NRI-N phosphorylation for the first 20 min of the

phosphorylation reactions (data not shown). Therefore, the

increased the extent of NRIl autophosphorylation (Figure 9). jevels of ADP produced in the reaction mixtures during this
Although PII provided only~10% increase in the extent of  time apparently did not significantly affect the phosphoryl-
NRII autophosphorylation, this effect was quite reproducible ation of NRI-N. However, addition of ADP to physiological
(data not shown). This effect of PIl was most pronounced |evels to reaction mixtures containing ATP, NRII, and NRI-N
at concentration of ATP where the extent of NRII phospho- caused a significant reduction in the equilibrium extent of
rylation was less than 50% of the available sites (Figure 9 NR|-N phosphorylation, regardless of whether NRII was
and data not shown). In the presence of PK and PEP, Plljimiting or in excess (Figure 10).
inhibited the rate of NRII autophosphorylation, but eventually  Etfect of PK and PEP on the Aetition of the Phosphatase
the same eqL_JiIibrium extent of NRII autophosphorylation was Actizity of NRII by PIL We examined the effect of adding
obtained as in the presence of PK and PEP and absence op|| o reaction mixtures containing excess NRII, in which
PIl (Figure 9). the phosphorylation of NRI-N had been allowed to proceed

Effect of ADP on the Extent of Phosphorylation of NRI- for 20 min, as in Figure 9 (Materials and Methods). PII
N. We examined the extent of NRI-N phosphorylation in brought about the rapid dephosphorylation of NRI-N regard-
the presence and absence of PK and PEP under conditiongess of whether PK and PEP were present (data not shown).
where NRII was present in excess or limiting concentration. Pll was slightly more effective in bringing about the
Regardless of whether NRII was limiting or in excess, the dephosphorylation of NRI-N in the presence of PK and PEP
presence of PK and PEP had little effect on the rate or extent(not shown).

70 |
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30 F

NRIL-P (% of Site)
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of the dimer. If the asymmetry was preexisting, we do not
] expect that the formation of heterodimers with unphospho-
] rylatable NRII-H139N subunits should increrase the extent
of NRII autophosphorylation, as it did (Figure 5).

Curiously, only a single phosphorylated species was
detected when NRHP was subjected to nondenaturing gel
electrophoresis (Figure 3). We have examined this issue
] extensively using a variety of electrophoretic conditions; in
all cases results identical to those shown in Figure 3 were
obtained. That is, we detected neither a species with
intermediate mobility between unphosphorylated NRII and
the species identified as NRIP nor a species with mobility
greater than that of NRNP. These results suggest that only
hemiphosphorylated NRHP was obtained after nondena-
turing gel electrophoresis. Either fully phosphorylated NRII
dimers became dephosphorylated to the hemiphosphorylated
form soon after loading of these gels (for example, during
migration through the stacking gel) or the doubly phospho-
rylated species had a mobility in these gels that is identical
to that of the hemiphosphorylated form of NRII.

Previous results from Stock and colleagu2® (studying
the CheA transmitter protein, indicated that the rate of
phosphorylation of a small polypeptide containing the CheA
site of autophosphorylation by a truncated CheA lacking this

Autophosphorylation of the dimeric NRIl was asymmetric, segment was considerably greater than the rate of autophos-
due to different equilibria for the two phosphorylation phorylation of intact CheA. That is, autophosphorylation was
reaction steps. This conclusion, drawn from the data in Figure accelerated when the kinase activity and the phosphoaccept-
2 where the stoichiometry of NRII autophosphorylation was ing site were on two different polypeptides. Furthermore,
assessed at different concentrations of ATP and at differentStock and colleague2?) showed that when heterodimers
ATP/ADP ratios, was strengthened by our observation of a were formed between intact CheA and subunits of CheA
dramatic increase in the stoichiometry of NRII autophos- lacking the phosphoaccepting site, these heterodimers phos-
phorylation from about half of the available sites to es- phorylated the isolated phosphoaccepting polypeptide at a
sentially all of the sites when ADP was removed from rate similar to that seen with intact CheA. Thus, the presence
reaction mixtures by an enzymatic system (Figure 4). Also, of a single phosphorylated site in CheA prevented the
the dephosphorylation of NRHP, by ADP was asymmetric ~ phosphorylation of the isolated phosphoaccepting polypep-
(Figure 8). One possible explanation for these results is thattide. However, the experiments by Stock and colleagpas (
NRII undergoes a concerted conformational change uponwere conducted in the presence of an enzymatic system for
autophosphorylation of one subunit. This conformational the removal of ADP; thus, the relationship of their observa-
change may favor the binding of ADP to the ATP site in tions to those reported here is unclear.
the opposing subunit in the dimer, thus shifting the equilib-  In cells, where the ADP concentration is roughly within
rium for the phosphorylation of the second subunit to favor an order of magnitude of the ATP concentration, we expect
the hemiphosphorylated form of NRIlI under conditions that NRII autophosphorylation will use only half of the
where ADP is not removed. The results shown in Figure 1 available sites. Since the two-component system transmitter
suggest that this conformational change is temperature-proteins are very similar, we expect that this should be true
dependent and thus slightly higher stoichiometry of NRII of the other transmitter proteins as well. In some cases, this
autophosphorylation was observed at lower temperature. Themay permit regulation of the extent of receiver phosphoryl-
putative temperature-dependent conformational change prob-ation by the energy charge of the cell. We observed that, at
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Ficure 10: Effect of ADP on the extent of NRI-N phosphorylation
by NRII. Reaction mixtures containeg-f?P]JATP (0.5 mM), ADP
as indicated, and either AM NRI-N and 2uM NRII (O) or 15
uM NRI-N and 14M NRII (®). Reactions were incubated at 25
°C for 35 min. The data points plotted on ti#@xis contained no
added ADP (plotted as AM to permit use of a log scale on the
X-axis).

DISCUSSION

ably also affects the stability of the doubly phosphorylated
species in the absence of nucleotides (Figure 6).

The asymmetry of NRII autophosphorylation was not due
to a kinetic barrier for phosphorylation of the second site in
the dimer, but rather due to a difference in the equilibrium
for the phosphorylation of the two subunits. The isotope

equilibrium, physiological levels of ADP had a significant
effect on the levels of NRI-N phosphorylation (Figure 10).
However, the low levels of ADP generated in the phospho-
rylation reactions did not seem to affect the extent or rate of
NRI-N phosphorylation by NRII, suggesting that under these
conditions, the formation and breakdown of the hemiphos-

exchange results observed in Figure 7B,C suggest that ADPphorylated form of NRII largely determined the rate and

was rapidly formed from ATP by phosphorylation of the
small number of unphosphorylated sites in our NH?}

extent of NRI-N phosphorylation.
The PII signal transduction protein inhibited the rate of

preparation. This suggests that the phosphorylation of theNRII autophosphorylation but slightly increased the extent
“second” sites in hemiphosphorylated species was rapid, butof NRII autophosphorylation at equilibrium (Figure 9). PlI

the reversal of this reaction was considerably more rapid.

may bind to the hemiphosphorylated form of NRII better

Our experiments with heterodimers suggest that the than it binds to unphosphorylated NRII. We did not observe

asymmetry of NRII autophosphorylation was not preexisting

a significant effect of PK and PEP on the ability of Pll to

but resulted from the autophosphorylation of the first subunit bring about the dephosphorylation of NRI-N by NRII. This
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is probably because, in our reaction mixtures containing
NRI-N and excess NRII, the hemiphosphorylated form of
NRII was present regardless of whether PK and PEP were
present. That is, the effect of NRI-N in dephosphorylating
NRII could not be counteracted by addition of PK and PEP

at the conditions used.

Why should such a curious mechanism of asymmetric
autophosphorylation of the transmitter protein have been
selected in evolution of the two-component signal transduc-
tion systems? One possibility is that the mechanism limits
the rate of ATP consumption while rendering the system
responsive to physiological ADP concentrations. Also, the 10
hemiphosphorylated species may serve as the target for
regulatory factors such as the PIl protein. Finally, the
conformational change that occurs upon phosphorylation of 12.
the first site within the NRII dimer may play an important
role in making the phosphorylated His139 site available for
transfer of the phosphoryl groups to the NRI receiver domain.
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