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CheY, the  14-kDa response regulator  protein of the 
Escherichia coli chemotaxis pathway, is activated by 
phosphorylation of  Asp"'. In  order  to probe  the  struc- 
tural changes associated with  activation, an approach 
which combines ''F NMR, protein  engineering, and  the 
known crystal  structure of one conformer  has been 
utilized. This  first of two  papers  examines  the  effects 
of Mg(I1) binding  and phosphorylation on the confor- 
mation of  CheY. The molecule was selectively labeled 
at its six  phenylalanine positions by incorporation of 
4-fluorophenylalanine, which yielded no significant 
effect on activity. One of these "F probe positions 
monitored the  vicinity of  Lys'09, which forms a salt 
bridge  to Asp6' in  the apoprotein  and  has been proposed 
to  act as a structural "switch" in  activation. "F  NMR 
chemical shift  studies of the labeled protein  revealed 
that  the binding of the cofactor Mg(I1) triggered local 
structural changes in  the  activation  site,  but  did not 
perturb  the probe of the LyslOg region. The  structural 
changes associated with phosphorylation were  then 
examined, utilizing  acetyl  phosphate  to chemically 
generate phospho-CheY during NMR acquisition. 
Phosphorylation  triggered a long-range conforma- 
tional  change  extending  from the activation site to a 
cluster of 4 phenylalanine  residues at the  other  end of 
the molecule. However, phosphorylation did not per- 
turb  the probe of Lys'O'. The observed phosphorylated 
conformer is proposed to be the  first  step  in  the acti- 
vation of CheY; later  steps appear to  perturb Lysl0', 
as evidenced in  the following paper.  Together  these 
results may give  insight  into  the  activation of other 
prokaryotic response regulators. 

Regulatory proteins  activated by phosphorylation play a 
central role in a wide range of eukaryotic and prokaryotic 
intracellular signaling pathways. In prokaryotes, a homolo- 
gous class of two-component regulatory systems appears to 
be ubiquitous and provides phospho-regulation of diverse 
sensory and metabolic processes (1-3, 61). Each two-compo- 
nent regulatory system consists of a kinase protein regulated 

* This work was supported by National Institutes of Health  Grants 
GM40731 (to J. J. F.) and A119296 (to M. I. S.), and by National 
Research Service Award Fellowship A107798 (to R. B. B.). The costs 
of publication of this article were defrayed in part by the payment of 
page charges. This article  must therefore be hereby marked "aduer- 
tisement" in accordance with 18 U.S.C. Section 1734 solely to indicate 
this fact. 

versity of North Carolina, Chapel Hill, NC 27599-7290. 
ll Present address: Dept. of Microbiology and Immunology, Uni- 

Burlington, VT 05405. 
)I Present address: Dept. of Biochemistry, University of Vermont, 

** To whom correspondence should be sent. Tel.: 303-492-3503; 
Fax: 303-492-5894. 

by changes in environmental or intracellular conditions, and 
a response regulator protein controlled by phosphorylation. 

Escherichia coli possesses as many as 40 different two- 
component regulatory systems, one of which serves to alter 
the cell's swimming behavior in response to changing envi- 
ronmental levels of specific nutrients or toxins (4). Chemo- 
tactic signaling begins with the binding of ligand in the 
periplasmic compartment to a specific transmembrane recep- 
tor, which in  turn regulates the autophosphorylation of the 
cytoplasmic kinase CheA (5, 62). The covalent phosphoryl 
group is then  transferred from CheA to  the response regulator 
CheY (6, 7). Alternatively, the CheY protein can autophos- 
phorylate using a small molecule phosphodonor such as acetyl 
phosphate (8). Phospho-CheY docks to  the membrane-bound 
flagellar motor and regulates its  rotational bias, favoring 
clockwise rotation  (9). The phospho-CheY is rapidly inacti- 
vated by dephosphorylation, via either autocatalyzed hydrol- 
ysis or  a parallel reaction stimulated by the CheZ protein  (6). 
Ultimately, the changing balance between phosphorylation 
and dephosphorylation rates enables the bacterial cell to swim 
up a  concentration  gradient of chemical attractant, or down 
a  repellant gradient. The present work  focuses on the confor- 
mational change which generates the activated state of CheY; 
the approach combines elements of NMR and  protein engi- 
neering. This first of two papers investigates Mg(I1) binding 
and activation by phosphorylation, while the second considers 
specific mutations which activate CheY in the absence of 
phosphorylation (10). 

Crystallographic studies have elucidated the structure of 
unphosphorylated CheY (11, 12;  see  Fig. 1). The CheY acti- 
vation  site, where phosphorylation occurs and  the known 
activating  mutants  are found, includes 4 residues exhibiting 
70-100% conservation across the response regulator family: 
Asp",  Asp13, Asp57, and Lys'Og (13). The three  aspartates form 
a carboxylate cluster Mg(I1) binding site (59); similar sites 
are found not only in  other prokaryotic response regulators 
but also in  a wide variety of phosphochemistry enzymes 
including kinases, polymerases, and nucleases (2, 14-20). The 
site of CheY phosphorylation is Asp57, and bound Mg(I1)  ion 
serves as  a cofactor in both the phosphorylation and dephos- 
phorylation of this residue (21, 22); however,  only the struc- 
ture of the apoprotein is available. In this 1.7-A resolution 
structure, the Mg(I1) binding site is occupied by a highly 
ordered monovalent cation (ammonium or hydronium; diva- 
lent  cations were absent, Ref. 12). The structure reveals a 
stable  salt bridge between Lys'Og and Asp57,  which has been 
suggested to play a key  role in activation by providing a simple 
electrostatic on-off switch (12, 56). Finally, interesting  par- 
allels have been noted between the structures of CheY and 
the eukaryotic protooncogenic H-ras protein, suggesting that 
an understanding of CheY activation may have broad impli- 
cations (13, 23). 
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FIG. 1. Structure of CheY (12). The space-filling side  chains 
highlight  the  activation  site  containing  the  phosphorylation  position 
(Asp6'), the proposed salt bridge switch ( A ~ p ~ ~ - L y s ' ~ ) ,  and  the  car- 
boxylate  cluster Mg(I1) binding  site (Aspl2, Asp13,  Asp5'). Also high- 
lighted are  the  six  phenylalanine  positions utilized as fluorine  labeling 
sites  to  monitor  the following regions: the vicinity of  LyslOg (Phe"'), 
the  carboxylate  cluster (Phe"), and  the  protein  framework  distant 
from  the  activation  site (Phe',  Phe3', PheS3,  and Phe'*'). 

A number of questions  can  be  raised regarding activation 
of CheY. The first  concerns the general mechanism by which 
phosphorylation regulates CheY activity: there is precedent 
for at  least three broad classes of mechanism. (i) Phosphoryl- 
ation could result in a  change in multimeric state,  as  has been 
observed for the bacterial transcriptional regulators BglG (24) 
and OmpR (25). However, activation does not appear to affect 
the multimeric state of CheY (26, 27). (ii) Phosphorylation 
could result  in  a local or global conformational change, as in 
glycogen phosphorylase (28, 29). (iii) The phosphoryl group 
could generate a surface contour or electrostatic perturhation 
in  the absence of a  conformational change, as  in isocitrate 
dehydrogenase (30,  31). Subsequent  questions focus on the 
specific features of the CheY activation mechanism. For ex- 
ample, a  putative  conformational  change could be localized to 
the phosphorylation site, or allosterically communicated to 
distant regions of the molecule. Moreover, if the A ~ p ~ ~ - L y s ' ~  
salt bridge is an activation switch, the  nature  and direction- 
ality of switching remain to be determined; in principle  acti- 
vation could occur via salt bridge breakage or formation, or 
via spatial repositioning of the  salt bridge. 

The technical challenges of the CheY system limit the 
approaches which can be used to probe activation. The half- 
life of phospho-CheY is tlA < 30 s due to its autodephosphor- 
ylation  activity (6), thereby complicating crystallization or 
NMR  structure determination of the phosphorylated  con- 
former. However, "F NMR is useful as a probe of CheY 
activation,  whether by phosphorylation or specific mutations. 
The utility of  "F NMR  in  this application stems from the 
characteristic  features of the "F nucleus, including high sen- 

sitivity (0.833 that of IH), lack of background resonances, 
ease of biosynthetic incorporation, and  the nonperturbing 
nature of fluorine substitution at  aromatic hydrogen positions 
(32-43). Furthermore,  studies of conformational changes ben- 
efit from the  strong dependence of the "F NMR shielding on 
the symmetry of the fluorine lone-pair electrons; this sym- 
metry is easily perturbed by packing forces and electrostatics 
within the local van der Waals environment. As a result, the 
"F NMR chemical shift is among the most sensitive detectors 
of structural changes a t  specific labeling positions in  a mac- 
romolecule (32-43). The power of the approach is further 
extended by its combination with protein engineering, which 
can be used to assign resonances, test models, and resolve 
ambiguities in interpretation. 

The 6  phenylalanine residues of CheY  were chosen as 
fluorine labeling sites because they  are located at  strategic 
sites for the analysis of activation (Fig. 1). PheI4 lies adjacent 
to Asp12 and Asp13 in the activation site. Phe"' is in van der 
Waals contact with the Lys'Og side chain of the proposed salt 
bridge switch, and moreover is in the same surface loop. 
Finally, Phea, Phe3', Phe53, and  Phelz4 form a  cluster at  the 
other  end of the molecule, where these residues contact eight 
of the  ten secondary structural elements. Thus  the six Phe 
positions enable detection of both (i) local conformational 
changes in the activation site  and associated salt bridge, and 
(ii) allosteric conformational changes transmitted from the 
activation site  to  the secondary structure framework. The 
pura-substituted isomer 4-fluorophenylalanine (4F-Phe)' was 
chosen as  the label for biosynthetic incorporation; this isomer 
is preferred to  the 2-fluor0 and 3-fluor0 isomers, which can 
exhibit ring-flip resonance heterogeneity. 

The present  study begins with characterization of the 4F- 
Phe-labeled protein and  the effect of Mg(I1) binding and 
phosphorylation on its conformation. No significant pertur- 
bation due to fluorine incorporation is observed, and  the NMR 
resonances of the 6 4F-Phe residues are assigned by site- 
directed mutagenesis, including a novel approach using 
"nudge" mutations. The effect of divalent metal ion is then 
analyzed; Mg(I1) binding to  the unphosphorylated protein 
does not  perturb  the Phe"' probe of the Lys'Og region, sug- 
gesting that  this putative switch is not significantly altered 
by Mg(I1) binding. Finally, phosphorylation is observed to 
trigger a long-range structural change which is communicated 
from the activation site  to  distant regions of the molecule. 

MATERIALS AND METHODS 

Isolation of 4-F11~orophnylalanin~-l~beled CheY-Wild-type and 
mutant CheY proteins were  expressed in large quantity  (up  to 29 mg/ 
liter  media)  from pRBB40-derived plasmids (10, 26) in  the E. coli 
strain RBB455, a phenylalanine  auxotroph (10). The labeling  media 
contained 375  mg/liter 4-fluoro-D~-phenylalanine (4F-Phe)  (Sigma), 
1 g/liter  Bacto-tryptone  (DIFCO), 500 mg/liter Bacto-yeast  extract 
(DIFCO), 5 g/liter NaCI, and 100 mg/liter CaC12. For  the 31P NMR 
samples,  the  4F-Phe was  replaced  with DL-phenylalanine. Glycerol 
was added to 1.2% (v/v) as a carbon source.  Immediately prior  to 
growth 100 mg/liter MgS04, 1 g/liter  citric acid,  5 g/liter KIHPO~, 
1.8 g/liter  NaNH4P04, 100 mg/liter  ampicillin, 1 mg/liter  thiamine, 
40 mg/liter DL-histidine, and 20 mg/liter each of L-leucine, L-methi- 
onine,  and  L-threonine were  added. The indicated vitamin  and amino 
acid  supplements  supplied  the  nutritional  requirements of the host 
strain.  Cultures (600 ml/2-liter flask) were grown with vigorous 
aeration a t  37 "C  for 24 h. Protein  production was  induced after 8 h 
of growth by the  addition of 8-indoleacrylic  acid to a final  concentra- 
tion of 100 mg/liter. 

CheY  was  purified using a  modification of a  previously  published 
procedure (44, 45). The cells  were harvested from  media  (typically 3 
or 6 liters)  and washed in  TEDG buffer, which contains 50 mM Tris- 

The abbreviations used are: 4F-Phe, 4-fluorophenylalanine;  5F- 
Trp,  5-fluorotryptophan;  PIPES, 1,4-piperazinediethanesulfonic acid. 
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HCI, pH 7.5, 1 mM EDTA, 2 mM dithiothreitol, 10% (v/v) glycerol. 
A 50% (w/v) suspension of cells was lysed by French press  in the 
presence of 5 mM phenylmethylsulfonyl fluoride. The resulting cell 
debris was  removed by centrifugation at 250,000 X g in a Beckman 
TL-100 ultracentrifuge for 20 min. The  supernatant was loaded onto 
an affinity column of 50 ml of Affi-Gel Blue (Bio-Rad) pre-equili- 
brated  in  TEDG, then washed with 50 ml of TEDG and with 50 ml 
of TEDG + 100 mM NaC1, before elution of CheY with a linear, 300- 
ml gradient from 0.1 to 1.5 M NaCl in TEDG.  Fractions were analyzed 
by standard SDS-polyacrylamide gel electrophoresis, and those con- 
taining CheY  were combined and concentrated to 5-8  ml by ultrafil- 
tration using an Amicon stirred cell apparatus (YM3 membrane). 
This procedure routinely gave  CheY which was 280% pure by SDS- 
polyacrylamide gel electrophoresis. 

NMR Samples for Assignment Studies-Concentrated CheY  was 
dialyzed at  4 "C  (M,  cutoff 3500) against two changes of 50 mM Tris- 
HC1, pH 7.5,  10% (v/v) glycerol; and one change of 50 mM Tris-HC1, 
pH 7.0, 50 mM NaCl, 50 mM KCl, 2 mM MgCL.  All dialysis steps 
were against 2150 volumes of buffer. After dialysis, the sample was 
centrifuged at  250,000 X g for 10 min and concentrated as previously 
described to 0.4-0.6 ml, then was recentrifuged at 250,000 X g for 10 
min and placed in an  NMR tube. To  the resulting 0.5-8 mM CheY 
sample, D,O was added to a final  concentration of 10% (v/v) for a 
lock standard  and 5-fluorotryptophan (5F-Trp) was added to 50 pM 
final concentration as  an  internal frequency standard, defined to be 
-49.6 ppm. 

NMR Samples for Metal Binding Studies-For metal binding ex- 
periments, CheY  was dialyzed once against 50 mM Tris-HC1, pH 7.5, 
1 mM EDTA, 25 mM KC1 (Orion, Ca(I1) electrode grade); once against 
50 mM Tris-HC1, pH 7.5,  25 mM KCl; and four times  against 50 mM 
Tris-HC1, pH 7.5. Further sample preparation was as above except 
that KC1 (Orion, Ca(I1) electrode grade) was added to 100 mM. After 
an initial divalent-free spectrum; MgCI2.  CaC12,  SrC12, or BaC12 was 
added to 20 mM final  concentration and  another spectrum obtained. 

NMR Samples for Phosphorylation Studies-For phosphorylation 
studies, CheY was dialyzed against  one change of 50 mM Tris-HC1, 
pH 7.5, 10% (v/v) glycerol; against one change of 50 mM PIPES/ 
NaOH,  pH 7.0,10% (v/v) glycerol; and against one change of 50 mM 
PIPES/NaOH,  pH 7.0,50 mM NaCl, 50 mM KC1,2 mM MgC12. The 
NMR sample was prepared as in the assignment  studies except that 
the sample was adjusted to 150 GM 5F-Trp  and 25 mM  MgC12. After 
an initial  spectrum was obtained, 1 M acetyl phosphate (Sigma, LiK 
salt, pH 7.0, with NaOH) was added to a final concentration of  200 
mM and sample acquisition was started within 120 s of mixing. 
Cumulative free induction decays were saved to different files every 
block (64 scans  in 125 s for "F; or 4 scans  in 44 s for 31P). Finally, 
the difference free induction decay representing the  n'th block  was 
generated by subtracting the cumulative free induction decay of block 
n -1 from that of block n. 

NMR Parameter~--'~F NMR  spectra were obtained  on a Varian 
VXR 500 spectrometer a t  470 MHz using a 5-mm 'H/"F probe 
(Varian). Standard parameters were 12,000-Hz spectral width, 16,384 
data points, 90" pulse width, 0.68-s acquisition time, 1.2-s relaxation 
delay, %-Hz line broadening, and temperature  control a t  25 "C. 
Relaxation times (TI) were measured using the  180"-~-90" pulse 
sequence. 

"P NMR  spectra were obtained on the above spectrometer using 
a broad band probe (Varian) at 202 MHz. Spectral  parameters were 
10,000-Hz spectral width, 16,000 data points, 30" pulse width, 0.8-s 
acquisition time, 10.2-9 relaxation delay, &Hz line broadening, and 
temperature  control at 25 "C. 

Determination of the Extent of Fluorine Incorporation-To quan- 
titate  the extent of fluorine incorporation, a '9F NMR  spectrum was 
obtained with a 6-s relaxation delay to eliminate  saturation. Fluorine 
incorporation was quantitated by integration of the resonance areas 
of the six individual 4F-Phe and comparison to  the resonance area of 
a known quantity of 5F-Trp. Protein  concentration was determined 
by a standard BCA assay (46). Together, the "F and  the protein 
concentrations enabled calculation of the  extent of fluorine incorpo- 
ration as  the mole ratio of incorporation at  each labeling site. 

Error Estimates-Integration of individual "F NMR resonances 
exhibited a standard deviation of u = &14%, as determined by 
comparing the integrals of a given resonance in four,  independent 
spectra of wild-type CheY. The error  inherent  in measurements of 
"F frequency shifts  is fO.l ppm, as determined by comparing the 
frequencies of a given resonance in  four,  independent spectra. 

Protein Graphics-structures illustrated in  this  and  the following 
paper (10) were generated by Insight I1  software (Biosym Technolo- 

gies version 2.1.0) running  on a Silicon Graphics Personal  Iris 4D/ 
35, driving a Tektronix  Phaser I11 color printer. 

Cloning and Mutagenesis-The bacterial  strains, expression plas- 
mids, and mutagenesis strategies used in this study are described in 
detail  in the following paper (10). 

RESULTS 

Production of Fluorine-lubeled CheY Protein-Quantities of 
4F-Phe-labeled CheY sufficient for  NMR were generated by 
overexpression of the plasmid-borne cheY gene in  a  Phe- 
auxotroph  strain of E. coli. In order to generate the desired 
low level of fluorine incorporation, a mixture of 4F-Phe  and 
unlabeled Phe (7.3:l) was used to supplement the auxotroph. 
The bacterial cell has  the capacity to discriminate against 4F- 
Phe; as a result, the chosen ratio of 4F-Phe:Phe yielded an 
observed fluorine labeling efficiency of E = 5 -+ 1%. This low 
level labeling minimizes perturbations due to fluorine incor- 
poration at multiple sites in the same molecule.  Assuming 
random labeling, the binomial expansion describes the fluo- 
rine distribution among the six independent positions: (p + 
q)6 = p6 + 6p5q + 15p4q2 + 20p3q3 + 15p2q4 + 6pq5 + q6, from 
which the prevalence of specific subpopulations can be cal- 
culated. The average labeling efficiency  yielded a major sub- 
population lacking fluorine (q6 = 74%),  a smaller subpopula- 
tion  containing only one fluorine (6pq5 = 23%), and a minor 
subpopulation containing multiple fluorines (remainder = 
3%). It follows that  the resulting "F NMR spectrum was 
dominated by the resonances of the six different single-fluo- 
rine molecules, each essentially a single atom mutant. 

Effects of Fluorine Incorporation on Structure  and Activ- 
ity-Independent studies have demonstrated that  the effects 
of fluorine substitution for aromatic hydrogen on protein 
structure  and function are generally small or undetectable 
(39, 40,  42,  47, 48). To date,  studies of eight proteins have 
revealed minimal changes in activity and  structure due to 
aromatic fluorine labeling (33, 35, 38, 40,  50-53). Moreover, 
although  4F-Phe  has  not previously been incorporated into 
E, coli, higher animals  can  tolerate  4F-Phe incorporation rates 
as high as 25%, suggesting that significant perturbations of 
specific proteins  are  rare (54). Several explanations  can be 
offered  aromatic fluorine is a poor hydrogen bond acceptor 
(42,49);  the polarity of the C-F bond is reduced by backbond- 
ing to  the ring T system; and  the volume of an aromatic side 
chain is not significantly increased by the fluorine substitu- 
tion (for example, the volume of the  4F-Phe side chain is 
0.7% larger than  that of Phe). 

Four different approaches were undertaken t o  examine the 
effects of fluorine incorporation on CheY. First, when tyrosine 
was substituted for each phenylalanine by site-directed mu- 
tagenesis, the largest in vivo perturbation of chemotactic 
swarm activity was  %fold, indicating that  the 4-hydroxy sub- 
stitutions caused, at most, minor pertubations  (Table I). The 
corresponding fluorine substitutions  are expected to be still 
less perturbing because, unlike the hydroxyl, they lack the 
propensity to participate  in hydrogen bonds. Second, when 
4F-Phe-labeled CheY  was autophosphorylated by acetyl phos- 
phate, "F NMR measurements enabled independent meas- 
urement of the dephosphorylation kinetics for the four fluo- 
rine labeling positions 4F-Phe8, 4F-Phe30, 4F-Phe53, and 4F- 
Phelz4; each was within the time scale expected for the pub- 
lished reaction parameters (see below). Third,  the KO for 
Mg(I1) binding to  the 4F-PheI4 subpopulation was determined 
by NMR  titration,  and was within experimental error of the 
native KD (see below). Finally, the I9F NMR resonances from 
the buried 4F-Phe8, 4F-Phe30, 4F-Phe53, and 4F-Phe"' posi- 
tions yielded resonance frequencies well resolved  from the 
solvent-exposed frequency (by 20.9 ppm; Table  I),  as expected 
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TABLE I 
Properties of CheY phenylalanines 

'gF NMR chemical  Relative effect of 
Phe Solvent accessible shift relative 

position surface  area' to solventexposed T1 substitution on 
4-hydroxyl 

4F-Pheb chemotaxisd 
A' ppm 

8 
S= 

2.7 +0.9 f 0.1 0.6 f 0.1  1.0 
14 221.5  -0.1  0.9 
30 38.5 

0.9 
+0.6 0.7  1.3 

53 6.5 +3.1 
111 

0.5 
28.7 

1.0 

124 
-1.1 0.6 0.5 

69.2 -0.4 0.7  0.7 
Solvent accessible surface areas of Phe side chains were calculated 

from the crystal  structure using a probe radius and slab  thickness of 
1.4- and O.lO-A, respectively, in  the 1983 version of the program 
Accessibility by Handschumacher and Richards (58). Water and  the 
sulfate ion were removed prior to calculations. 

'The resonance frequency of solvent-exposed 4F-Phe was  -40.5 

T1 values measured as described under "Materials and Methods." 
Chemotactic ability of the  Tyr for Phe mutations was measured 

PP?. 

relative to wild type by swarm plate assay (10). 

53 8 30 14124 111 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

-36 -38 -40 -42 -44P 

FIG. 2. 470-MHz NMR spectrum of 4F-Phe-labeled CheY. 
The two indicated spectra were obtained from different 4F-Phe CheY 
preparations,  demonstrating the reproducibility of the fluorine chem- 
ical shifts. Six well resolved resonances are observed. Sample  param- 
eters were: 2 mM CheY, 2 mM MgC12, 50 mM KCI, 50 mM NaCl, 50 
mM Tris-HC1, pH 7.0, 10% D20,50 PM 5F-Trp  as  internal frequency 
standard, 25 "C. Assignments were made as in Fig. 3. 

for kinetically stable folded proteins, In contrast, folding 
mutations typically yield the solvent-exposed frequency for 
all six resonances (data  not shown). Overall, the evidence 
indicates that fluorine labeling generates  no significant per- 
turbation of CheY. 

Assignment of the "F NMR Spectrum-Fig. 2 displays the 
"F NMR spectrum of 4F-Phe-labeled CheY. The observation 
of six well  resolved resonances of similar  integrated  intensity 
indicates that  the labeling efficiencies of the  the six fluorine- 
labeling positions are equivalent, and  that each of the six 4F- 
Phe-labeled molecules has  a single average conformation in 
solution. 

The six 4F-Phe resonances were assigned by two methods. 
The replacement method utilized site-directed mutagenesis to 
replace phenylalanine with either tyrosine or leucine, result- 
ing in deletion of the target resonance. This method is illus- 
trated  in Fig. 3 by the effect of the F14Y mutation on the 4F- 
Phe14 resonance. However, for the other five positions, the 
replacement method resulted in multiple resonance shifts, 
thereby complicating the interpretation. Not surprisingly, 
such problems were most acute for substitutions in the cluster 
of four phenylalanines, which share extensive van  der  Waals 
contacts. 

It was therefore necessary to develop a second approach, 
termed the nudge mutation method. This  approach  substi- 
tuted a residue of different size a t  a position in van der Waals 
contact with the  target  Phe residue. Ideally, a nudge mutation 

53 8 30 14124 111 

1 14 

1 . . . . I ~ ' ~ ~ I ~ ~ ' . I . ' ' ' 1 ~ ~ . ~ I . ' ~ . I . . ~ . , . ~ ' ~ , . . . . l  
-36  -38 40 -42 appm 

FIG. 3. "F NMR resonance assignments. Summarized are the 
spectra of the engineered mutants used to assign the 4F-Phe reso- 
nances, either by the direct replacement method (F14Y), or by the 
nudge method (the others), as described in the text. Spectra of 
engineered proteins (bold lines) are superimposed on the spectrum of 
the wild-type protein ( f i n e  line). The wild-type resonance assigned 
by each mutation is indicated by the arrow. Sample parameters were 
as described in the legend to Fig. 2. 

specifically alters  the environment of only the target  Phe, 
thereby  shifting  a single l9F NMR resonance. Frequency shifts 
generated by  nudge mutations were  used to assign the 4F- 
Phe3', 4F-PheS3, 4F-Phe1", and 4F-Phe"' resonances; in each 
case the mutation caused a different major resonance shift 
(Fig. 3). The resonance of 4F-Phea was assigned by difference, 
as no nudge mutation was found which generated only one 
major shift; evidently, Phe' is most tightly coupled to  the 
other  phenylalanines  in the cluster. In specific cases, the 4F- 
PhelZ4 resonance was also observed to be sensitive to nudge 
mutations at other positions in  the cluster, such that  it shifted 
to overlap the 4F-Phe14 resonance (Fig. 3, -40.7 ppm; mutants 
L84V and K4Q). Such behavior is consistent with the prox- 
imity of the 4F-PhelZ4  ring to solvent, where it might easily 
be pushed into  a more aqueous environment. It should further 
be noted that  the nudge mutant spectra often exhibited an 
additional resonance at  the frequency observed for denatured 
protein (Fig. 3, -41.0 ppm; mutants N121Q,  L84V, and K4Q), 
suggesting that perturbations of the  Phe cluster can be desta- 
bilizing. Finally, an unidentified contaminant resonance is 
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Activation of CheY by Phosphorylation 13085 

occasionally observed in some, but  not all, preparations of a 
given mutant (Fig. 3,  -44.5 ppm; illustrated by the  mutant 
V107I). 

To further  test  the assignments, paramagnetic metal  ions 
were used to identify the resonances from specific 4F-Phe 
residues. The crystal  structure  indicates that  the Phe14 and 
Phe"' residues lie within 3.8 and 11.2 A, respectively, of the 
putative metal ion binding site in the carboxylate cluste;, 
whereas the  other labeled residues are located at  least 17 A 
away. The binding of Mn(I1) (S = 5/2) specifically broadened 
two resonances in the spectrum to  the base line, consistent 
with their previous assignment  as 4F-Phe14 and 4F-Phe'l' 
(Fig. 4). The crystal  structure also suggests that  the side 
chains of 4F-Phe14 and  4F-PhelZ4 will be most exposed to 
solvent (Table I), a prediction which was tested by the addi- 
tion of the water-soluble Gd(II1) .EDTA complex (S = 7/2) 
(55). This aqueous paramagnet specifically broadened the 4F- 
PheI4  and  4F-PhelZ4 resonances, thereby  supporting  their 
assignments (Fig, 4). 

Additional support for the assignment scheme was provided 
by relaxation studies of the  4F-Phe resonances. The observed 
spin  lattice relaxation times ranged from TI = 0.5 +- 0.1 to 0.9 
f 0.1 s, with the most solvent exposed side chains of 4F-Phe14 
and  4F-PhelZ4 exhibiting the longest values (Table I). 

Conformational Effects of Mg(II) Binding-In order to probe 
the effects of divalent cation binding on the solution confor- 
mation of CheY, the "F NMR  spectrum was obtained  in 
buffer containing 100 mM divalent-free KC1, then  the appro- 
priate group IIa metal ion was added to 20 mM (Mg(II),  Ca(II), 
Sr(II),  and Ba(I1)). The affinities of these ions for the carbox- 
ylate  cluster  are  quite similar, yielding dissociation constants 
ranging from 0.4 to 1.0 mM (59), thus  the concentration 
utilized was saturating for each metal ion. When examining 
the effects of these ions on the "F NMR resonances, it is 
useful to distinguish small frequency shifts from large ones; 
here the distinction will  be made that shifts smaller than  the 
error in the frequency measurement, approximately 0.1 ppm, 
are minor shifts, while shifts greater than 0.1 ppm are major. 

53 8 30 14124 111 

FIG. 4. Effect of paramagnetic metal ions on the "F NMR 
spectrum of 4F-Phe-labeled CheY. Each spectral pair consists of 
one spectrum obtained prior to the addition of paramagnetic probe 
( f i n e  line), and a second spectrum illustrating the  effects of the 
paramagnet (bold line). Mn(I1) ion binding to the carboxylate cluster 
is observed to selectively broaden two resonances near the carboxylate 
cluster divalent cation binding site (upper,  arrows), while the aqueous 
probe Gd(1II). EDTA broadens the two overlapping resonances ex- 
posed to solvent (lower,  arrow). Sample parameters were as described 
in  the legend to Fig. 2, except MgC12 was omitted and additional 
divalent-free KC1 was substituted for the NaC1. 

Because the fluorine frequency is extremely sensitive to mul- 
tiple  environmental  parameters, failure to observe a major 
shift provides strong evidence that no significant structural 
change has occurred in  the vicinity; however, fortuitous  can- 
cellation of opposing shift  contributions  cannot be ruled out. 

Due to  both  the high physiological concentration of free 
Mg(I1) and  its role as  a required cofactor in CheY phospho- 
signaling (22), the primary focus was on this ion. The binding 
of Mg(1I) caused detectable frequency shifts for only  two of 
the six 4F-Phe resonances: the 4F-Phe14 and 4F-Phe' reso- 
nances were shifted +0.2 and -0.1 ppm, respectively (Fig. 5). 
These  shifts  stem from specific binding of Mg(I1) to  the 
carboxylate cluster, since the D13K substitution at Asp'3 of 
the cluster eliminated the effects of Mg(I1)  on the NMR 
resonances, and  on  the fluorescence of Trp6' near the activa- 
tion  site  (data  not shown). The shift of the 4F-Phe14 resonance 
was sufficiently large to carry  out an NMR titration, which 
yielded a Mg(I1) dissociation constant (0.7 f 0.1 mM) indis- 
tinguishable from the value obtained by fluorescence titration 
of the unlabeled protein (1.0 & 0.2 mM). 

Of particular  interest is the observation that  the 4F-Phe"' 
resonance was not detectably affected by Mg(I1) binding, 
suggesting that  the environment of this probe was not signif- 
icantly altered. More specifically, this absence of a frequency 
shift implies that  the LysIDg side chain  and associated surface 
loop retain similar conformations in  the apo-  and Mg(I1)- 
occupied solution structures.  In  contrast,  other group IIa 
metal ions generated detectable frequency shifts for 4F-Phe"'. 

53 
+ +  .I 
8 30 14124 111 

FIG. 5. Effect of group IIa metal ions on the "F NMR spec- 
trum of 4F-Phe-labeled CheY. Each spectral pair includes the 
spectrum of  CheY saturated with a 20 mM concentration of the 
appropriate divalent metal ion (bold line), overlayed on the spectrum 
obtained in  the absence of divalent ions (fine line). Arrows indicate 
the resonances exhibiting the largest divalent-induced frequency 
shifts. Sample parameters  were as described in  the legend to Fig. 4. 
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13086 Activation of CheY by Phosphorylation 

In each case this resonance was shifted upfield by a degree 
related to  the ionic radius: Ca(I1) exhibited the largest shift 
(-0.7 ppm).  These data suggest that unlike Mg(II), the larger 
divalent ions alter  the conformation of the Lys'Og region upon 
binding. Smaller frequency shifts (10.1 ppm) were also ob- 
served for the Phe' resonance; these  shifts decreased in mag- 
nitude with increasing ionic radius, suggesting a dependence 
on the charge density or size of the metal ion. Overall the 
structural change due to metal ion binding appears to be 
localized to  the activation site  and its associated carboxylate 
cluster, with only a minor conformational perturbation trans- 
mitted to  the  distant  Phe cluster, where the perturbed 4F- 
Phe' is the residue most proximal to  the activation  site (17 

Phosphorylation with  Acetyl  Phosphate-By adding a large 
initial molar excess of the phosphodonor acetyl phosphate 
(200 mM, relative to 7 mM CheY), it was possible to simulta- 
neously detect the "F NMR spectra of CheY and phospho- 
CheY for up to 10 min during the NMR acquisition (Fig. 6). 
As the phosphodonor was hydrolyzed and  the phospho-CheY 
decayed, the spectrum returned to  that observed before phos- 
phodonor addition, except for shifts of the 4F-Phe14 and 4F- 
Phe"' resonances (Fig. 6) which could be reproduced by the 
direct addition of products (200 mM acetate  and  phosphate, 
and  a  pH change from pH 7.0 to 6.1) in the absence of 
phosphodonor (data  not shown). 

The phosphorylation reaction for this system can be written 
in three  steps, 

A). 

53 830 14124 1 1 1  

FIG. 6. Effect of phosphorylation on the  "F NMR spectrum 
of 4F-Phe-labeled  CheY. Shown is the spectrum of 4F-Phe CheY 
before the addition of acetyl phosphate as a phosphodonor (0 rnin), 
then  as  the reaction proceeds a mixture of phospho-CheY and CheY 
appears (10 rnin), and finally the phospho-CheY is fully hydrolyzed 
and  the CheY population returns to  its unphosphorylated state (50 
rnin). Reaction conditions were 7 mM CheY, 25 mM MgCI,, 50 mM 
KCI, 50 mM NaCI, 50 mM PIPES/NaOH,  pH 7.0,10% DzO, and 150 
p~ 5F-Trp. The reaction was initiated by addition of 200 mM acetyl 
phosphate, pH 7.0. The indicated assignment for 4F-Phe14 was re- 
vealed by the spectrum of the phosphorylated CheYF14Y mutant; 
other phospho-CheY assignments assumed the simplest pattern of 
shifts (see also Fig. 8). 

CheYCOO- + CH3COOP0;- 
+ CheYC00-*CH3COOPO~- (donor binding) (Eq. 1) 

CheYC00-*CH3COOP08- --* CheYCOOPOf 
+ CHICOO- (phosphotransfer (Eq. 2) 

CheYCOOP0,2- + OH- -+ CheYCOO- 
+ HP0:- (hydrolysis) (Eq. 3) 

where CheY includes its cofactor Mg(I1). Also implicit is the 
release of protons  as the reaction proceeds, which occurs 
because the hydrolysis of acetyl phosphate consumes hydrox- 
ide ion. 

The time course of the phosphorylation reaction was mon- 
itored by 31P NMR, which provided simultaneous detection 
of the  reactant  CH3CO03'PO~-  and  the product 31POj-.  Fig. 
7 illustrates the time courses of each phosphocompound as 
well as an independently determined time course for phospho- 
CheY obtained from its 19F NMR spectrum. The 31P and "F 
time courses for phospho-CheY exhibit good agreement; the 
phospho-CheY population detected by  "F NMR is nearly 
constant for the first 8 min of the reaction, until the level of 
phosphodonor has dropped to near  its K,  = 0.7 mM (8). 
Greater than 99% of the observed phosphodonor hydrolysis 
is attributable  to CheY, yielding a calculated phospho-CheY 
half-life of tlh - 6 s. 

Control experiments were performed to confirm that  the 
new protein resonances generated by acetyl phosphate did 
indeed originate from CheY covalently phosphorylated at 

A 

0 250 500 750 lo00  1250 

Tirne(sec) 

FIG. 7. Time  course of the  acetyl  phosphate  hydrolysis re- 
action as studied  by (A) ,  ''F NMR, and (B) ,  "P NMR. A, ?F 
NMR followed the formation and decay of phospho-CheY by inte- 
grating the resonances that were adequately frequency shifted by 
phosphorylation (4F-Phea, 4F-PheS3, 4F-Phe1*' + 4F-Phe"). After 
normalization, the integrals of these resonances were averaged to 
yield the indicated curve. Also shown are the corresponding curves of 
several key mutants. The CheYKIOSR mutant has previously been 
shown (56) to dephosphorylate at  an abnormally slow rate (upper 
curue). The CheYD57A and CheYKlOSQ mutants are negative con- 
trols which failed to be phosphorylated (lower  curues). B, IIP NMR 
enabled simultaneous monitoring of the phosphodonor and final 
phospho-product generated by the reaction: acetyl phosphate (-2.2 
ppm) and inorganic phosphate (+1.3 ppm), respectively. The relative 
amount of each component was quantitated by integration of its 
associated resonance, and plotted as shown against time. Reaction 
conditions were as described in the legend to Fig. 6. 
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Asp6'. Acetyl phosphate  and carbamyl phosphate yielded the 
same "F resonance frequency shifts (data  not shown), SUP- 
porting the interpretation that  the perturbations were due to 
formation of a common phospho-CheY intermediate,  rather 
than a noncovalent phosphodonor-CheY complex. Moreover, 
the CheYD57A mutant failed to hydrolyze acetyl phosphate, 
and yielded  no frequency shifts when its I9F NMR spectrum 
was obtained in the presence of acetyl phosphate. Similarly, 
the CheYK109R mutant yielded a significantly slower decay 
rate for the phospho-CheY resonances, as expected from 
earlier radiolabeling results  (56).  (Another  substitution at 
position 109 provided a novel insight into  the activation  site 
mechanism: the CheYKlO9Q mutant was phosphorylated by 
CheA, but failed to exhibit frequency shifts upon addition of 
acetyl phosphate,  and did not hydrolyze this phosphodonor. 
Such  results suggest that a side chain positive charge at 
position 109 is required for phosphorylation by acetyl phos- 
phate.) 

Conformational Effects of Phosphorylation-The structural 
changes triggered by phosphorylation of Asp57  were probed 
via an analysis of frequency shifts in  the "F NMR spectrum. 
To facilitate  this analysis, the spectrum of a CheY and phos- 
pho-CheY mixture generated during an acetyl phosphate  re- 
action was  resolved into  its two components by subtraction 
of the unphosphorylated  component (Fig. 8). The 4F-PheI4 
resonance was expected to exhibit  a large frequency shift due 
to its proximity to  the acylphosphate; therefore,  this reso- 
nance was directly assigned by obtaining the spectrum of the 
phosphorylated CheYF14Y mutant  (not shown). Comparison 
of the unphosphorylated  and phospho-CheY spectra enabled 
straightforward  assignment of remaining resonances (Fig. 6; 
see also Fig. 8). 

Five of the six 4F-Phe resonances exhibited significant 
frequency shifts upon phosphorylation. It should be empha- 
sized that these "F frequency shifts  cannot be converted to a 
spatial or electrostatic scale;  however, they  can be used to 
map the regions of the molecule involved in  the  structural 
change. The observed shifts included the 4F-PheI4 resonance 
from the vicinity of the acylphosphate (-0.4 ppm),  and  all 
four of the  Phe cluster resonances, 4F-Phes, 4F-Phe30, 4F- 
Phe63, and 4F-Phe1", (+0.3, -0.2, -0.4, and +0.8 ppm, re- 
spectively). The  latter frequency shifts indicate that phos- 
phorylation of Asp67 in  the activation  site  generates an allo- 

53 8 30 14124 111 

FIG. 8. Comparing the "F NMR spectra of CheY and phos- 
pho-CheY. The spectrum of unphosphorylated CheY (upper) was 
obtained just prior to addition of acetyl phosphate, while the phospho- 
CheY spectrum (lower) was obtained by subtracting  out the unphos- 
phorylated component of the CheY/phospho-CheY mixture. This 
subtraction utilized the 10- and 50-min spectra  illustrated  in Fig. 6; 
reaction conditions were as described in the legend to Fig. 6. 

steric conformational change which travels  to the opposite 
end of the molecule. 

Of particular  interest was the resonance of 4F-Phe1", which 
exhibited only a minor frequency shift (- +0.2 ppm), fully 
attributable to the appearance of reaction products (Figs. 6 
and 8). The absence of a significant perturbation at the 4F- 
Phe"' position suggests that Lys'OS, lying in van der Waals 
contact with this probe residue retains  a conformation similar 
to  that in the unphosphorylated protein. A model for  the 
conformational change triggered by phosphorylation is pre- 
sented in the following section. 

DISCUSSION 

Implications for the Unphosphorylated  Conformation-The 
above I9F NMR results provide strong evidence that  the Lys'OY 
residue, proposed to  act as  a conformational switch during 
CheY activation, retains  a similar position and conformation 
in  the Mg(I1) empty and Mg(I1)  occupied states of the  un- 
phosphorylated molecule. The crystal  structure of the divalent 
metal ion-free unphosphorylated protein indicates that Lys'O' 
forms a  salt bridge with Asp" in the absence of Mg(I1). Thus 
the lack of a frequency change for the 4F-Phe"' 19F  NMH. 
resonance upon Mg(I1) binding suggests that  the salt bridge 
remains intact in the Mg(I1)-occupied conformer (for Struc- 
tural precedence of a carboxylate bridging a Mg(I1) and  a Lys 
residue, see Refs. 17, 19, and 57); or that  the salt bridge is 
broken without repositioning Lys'O'.  As previously noted (60), 
the metal-induced conformational change appears localized 
primarily to  the activation  site, since large frequency shifts of 
the  Phe cluster resonances are  not generated by metal bind- 
ing. 

Implications for the Phosphorylated Conformation-The 
failure of phosphorylation of  Asp57 to trigger a frequency shift 
for the 4F-Phe"' resonance suggests that  the position and 
conformation of  Lys'O' is similar in the unphosphorylated and 
phosphorylated structures.  Support for this model is provided 
by the engineered D57E substitution, characterized in the 
following article (IO), which utilizes the longer glutamate side 
chain to provide a more distal location of the negative charge. 
Like phosphorylation, this mutation fails to produce a major 
frequency shift of the 4F-Phe"' resonance, consistent with 
the proposal that repositioning the negative charge of positiou 
57 does not  disturb Lys'Og (Fig. 3 in Ref. 10). Thus, if  Lys'"' 
forms a  salt bridge with the acylphosphate in the phosphoryl- 
ated conformer, this  salt bridge must  not significantly repo- 
sition the Lys'OS side chain. Further studies are needed to 
better define the  nature of the electrostatic  interaction be- 
tween Lyslog and Asp57 in solution, including the effects of 
Mg(I1) binding and phosphorylation on this  interaction. 

In  other regions of the molecule, phosphorylation of  Asp" 
triggers a long range conformational change, extending from 
the 4F-PheI4 position to  the 4F-Phe',  4F-Phe3', 4F-PheS3, and 
4F-PhelZ4 positions on the other  end of the molecule. A simple 
conformational coupling mechanism is suggested by the pro- 
tein  structure: the signal could travel  through the central @ -  
sheet. In  this case, the increased negative charge or bulk of 
the acylphosphate at Asp57  would repel the nearby carboxyl- 
ates of  Asp'= and  13, which  would then drive a  separation of 
strands @l and (33 (Asp57 = p3; Asp" and  13 = loop P1-d) .  
The resulting structural change would  be transmitted  the 
entire  length of the @-sheet to  the  Phe cluster. 

The long range conformational change triggered by phos- 
phorylation could have at least two important physiological 
roles. Such intramolecular communication could  be  used to 
regulate CheY at a  site  distant from its activation site. For 
example, phosphorylation could allosterically regulate CheY 
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binding to CheA or the motor; or CheZ could allosterically 
regulate CheY autodephosphorylation by docking at such a 
site. In  addition, such allostery could be  used in two-domain 
response regulators, which comprise the majority of the re- 
sponse regulator family, to communicate activation from the 
regulatory domain, homologous to CheY, to  the effector do- 
main. a 

The widespread nature of the conformational change, how- 
ever, complicates the identification of functionally important 
conformational features. The following article (10) further 
investigates the activation of CheY  by specific mutations,  in 
order to probe the component of the conformational change 
essential for motor docking and regulation. The results sug- 
gest that CheY activation proceeds in two conformational 
steps: the first triggered by phosphorylation, and  the second 
triggered by docking to  the motor. 
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