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ABSTRACT: The first structure of a glycerol kinase from a Gram-positive organiEmterococcus
casseliflaus, has been determined to 2.8 A resolution in the presence of glycerol and to 2.5 A resolution

in the absence of substrate. The substrate-induced closufaséignificantly smaller than that reported

for hexokinase, a model for substrate-mediated domain closure that has been proposed for glycerol kinase.
Despite the 78% level of sequence identity and conformational similarity in the catalytic cleft regions of
the En. casseliflaus and Escherichia coliglycerol kinases, remarkable structural differences have now
been identified. These differences correlate well with their divergent regulatory schemes of activation by
phosphorylation irEn. casseliflaus and allosteric inhibition irE. coli. On the basis of our structural
results, we propose a mechanism by which the phosphorylation of a histidyl residue located 25 A from
the active site results in a ¥A5-fold increase in the activity of the enterococcal glycerol kinase.

Glycerol kinase (GlpK) is a key mediator of glycerol the presence of these more rapidly metabolized energy
metabolism in bacteria, where it catalyzes the phosphoryla- molecules suppresses the glycerol uptake sysigm (
tion of glycerol to glycerol 3-phosphate (G3P). Glycerolis  In Gram-positive bacteria such EsterococcusBacillus,
a ubiquitous molecule, present as a general breakdownand StreptococcusGlpK is phosphorylated on a histidyl
product of various metabolic pathways, and is a precursor residue (His232 irEnterococcusby HPr, which activates
for the biosynthesis of a variety of important cellular the kinase 1615-fold. In the Gram-negative glycerol kinase
products. As a small, uncharged molecule, glycerol can of Escherichia coliregulation occurs via allosteric inhibition
slowly diffuse across the bacterial membrane, and phosphorthrough complex formation with enzyme I¥& In both
ylation to G3P traps the molecule in the cytoplasm. This systems, fructose 1,6-bisphosphate (FBP) is an inhibitor of
phosphorylation event provides the chemical potential dif- the enzymeZ) and has been found to bind to a loop region
ference for glycerol uptake by creating an imbalance of that in the Gram-positive kinase contains the site of phos-
glycerol concentration across the membrane, in addition to phorylation @).
providing a mechanism of regulation. Glycerol uptake is  Regulation by proteins of the phosphoenolpyruvate (PEP):
finely coordinated with the transport of PTS sugars, where sugar phosphotransferase system (PTS), a transport and
phosphorylation system for carbohydrates, finely tunes the
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substrate channeling, where the entering glycerol is im-  Crystals were screened on an in-house Cu-rotating anode
mediately shuttled to GlpK for phosphorylation, efficiently system with an R-Axis Il detector, MSC/Yale mirrors, and
creating an imbalance of glycerol concentration across thean MSC cryosystem. Data used for structure determinations
membrane and promoting uptake. As a key player in were collected at beamlines 7-1 at Stanford Synchrotron
mediating glycerol uptake, GlpK is the target of a number Radiation Laboratory, F1 and F2 at Cornell High Energy
of regulatory pathways. Synchrotron Source, and X8C at Brookhaven National

Phosphorylation of GlpK increases its activitg, (L0), Laboratory (BNL). All data were processed with Denzo, with
although a detailed understanding of how this covalent eventScalepack, and through programs in the CCP4 slitel).
promotes catalytic enhancement is largely unknown. Our Despite a level of sequence identity of 55%, molecular
structures show that transmission of the phosphorylation replacement (MR) attempts using various approachés (
event would require the signal to be propagated over 25 A, 19) with the depositedE. coli structures as models were of
the distance between the site of phosphorylation (His232) limited success. The presence of a pseudo-2-fold rotation
and the active site cleft where glycerol binds. Long-distance axis relating the two subunits within the dimer, running
intramolecular signal transduction is also necessaBy ol parallel to the crystallographic 2-fold screw axis, complicated
GIpK, as the region of interaction with its allosteric effector, the Patterson searches. To overcome this problem, heavy
enzyme 1I4° is ~30 A from the catalytic cleft; the  atom derivatives were found to obtain additional phasing
response, however, is inhibition rather than activation. information by multiple isomorphous replacement (MIR)
Although the structures oE. coli GIpK in complex with techniques.

both enzyme II&° (11, 12) and FBP B8) have been The best heavy atom derivatives were obtained from the
published, the mechanism by which inhibition is induced is lanthanide series metals, particularly of Tb, Yb, and Sm. The
still largely unknown. lanthanide derivatives had the best phasing statistics but

To characterize the conformational changes that ac- nevertheless amplified the already problematic nonisomor-
company substrate binding and phosphorylation to stimulate phism exhibited from native crystal to crystal (native
its activity, we crystallized and determined the structures of differences inRgym of >15%), although not more than any
GlpK from the Gram-positive bacteriuinterococcus cas-  other heavy atom compounds that were tried (Ag, Au, Pt,
seliflavus, in both the glycerol-bound and unbound forms. Pb, and U). To minimize nonisomorphism and improve
No structure of the unbound form from any organism has reproducibility, a procedure of presoaking the crystals in
been determined, so these structural results provide signifi-artificial mother liquor containing 15% glycerol for at least
cant new information about the protein-mediated phosphoryl 3 h prior to heavy atom soaks helped in reducing differences
transfer mechanism. Remarkably, the presumed physiologi-between crystals. The lanthanide soaks were done-f&r 3
cally relevant dimer is nonsymmetric in both the substrate- h using a 0.5 mM solution; longer soaks at various heavy
bound and unbound forms. This nonequivalency of subunits atom concentrations seemed to increase the degree of
supports a mechanism of signal transduction that involves nonisomorphism or destroyed the crystals. Data were col-
reorganization of the interaction surfaces between the lected using the in-house Cu-rotating anode on the lanthanide
monomers to transduce the phosphorylation event. Thederivatives and the highest-resolution data set diffracted to
differences that we characterize structurally betweerthe 3.2 A (Table 1).

casseliflaus and E. coli GIpKs likely correlate with their Heavy atom positions were determined using Patterson
respective regulatory mechanisms, providing additional maps and refined in MLPHARELE). Cross validation using
insights into how structure is related to function. difference Fourier maps, generated with phases calculated

from the MR solution, confirmed the four heavy atom
MATERIALS AND METHODS positions. These four positions were essentially the same for
Complex GIpK. En. casseliflas GlpK was purified as all the lanthanide derivatives; the strongest solutions refined
previously describedl@) with an additional column step of  to occupancies between 0.4 and 1.0, with an overall FOM
HighQ, using a Bio-Cad Sprint system. The protein was of 0.52, anR.is of 0.67, and a phasing power of 1.7 in
concentrated to 10 mg/mL and loaded onto the column. After MLPHARE. Solvent flattening, histogram matching, and
being washed with 8 column volumes (CV) of 20 mM Tris- gradual phase extension using a higher-resolution native
HCI buffer (pH 7.5), the enzyme was eluted by applying a complex data set were carried out in DRDJ, yielding phase
gradient over 15 CVa 1 M NacCl in Tris-HCI buffer (pH information foroA-weighted map21) generation. From the
7.5). The protein eluted as a single peak, at approximately preliminary maps;v60% of the @ backbone could be traced
0.6 M NacCl. Using YM30 centricons, the enzyme was and various regions that were omitted from the model were
desalted and concentrated and the buffer gradually exchangedradually built in. Iterative cycles of model building of the
with 50 mM Tris-HCI (pH 7.5) in three cycles. dimer interface, phosphorylation loop, and enzyme®ltA
Crystals of GlpK bound with glycerol were obtained from binding loop and gradual substitution of the native entero-
a solution containing 0.1 M sodium acetate buffer (pH 4.5), coccal sequence were followed by refinement. Ilterative cycles
6—10% (w/v) PEG 4000, and 10% (w/v) glycerol using a of refinement consisting of conjugate gradient minimization,
protein concentration of 10 mg/mL at room temperature. This simulated annealing with an initial temperature of 3000 K
complexed enzyme crystallized in space gré&2p2,2; and with 0.5 fs/100 K time steps, and groupBdactor refinement
with a solvent content of 54%, which results in an occupancy were carried out in X-PLOR/CNS.6) using the 2.8 A native
of one dimer per asymmetric unit, with the following cell complex data (Table 1). The final complex model with one
parametersa = 56.95 A b = 97.35 A, andc = 200.54 A. glycerol bound per monomer subunit and no waters has been
For data collection, all crystals were flash-frozen in a 100 refined at 2.8 A resolution to aRyee Of 28.2% and amRyst
K nitrogen gas stream. of 25.1%. In the discussion involving the position of ATP
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Table 1: Data Collection and Refinement Statistics

GlpKhaiveand glycerol (complex) Glpkive (2p0) GIpK complex, Sm derivative
resolution range (A) 562.8 50-2.5 20-3.2
resolution range in refinement (A) 6-2.8 6.0-2.5 6.0-3.2
total no. of reflections 88774 182355 237112
no. of independent reflections 24267 40746 37997
completeness (%) 87.0 95.3 95.5

completeness at the highest-resolution

77.7 (2.93-2.80 A)

74.7 (2.612.5A)

91.1(3.33.2A)

shell (%)
no. of unique reflections 3o 18131 29592 42105
cell parameters (A) a=>57.07,b=97.890, a=56.859b=97.161, a=57.01,b=97.67,
c=200.91 ¢=201.100 c=201.453

Rinerge 8.7 7.2 17.1

Reryst 25.1 22.1 Riso = 25.7

Riree 28.2 24.3 FOM= 0.52

averageB 36.2 34.7 phasing power 1.7

rmsd for bond lengths (A) 0.010 0.007 Reutis = 67%

rmsd for bond angles )&deg) 1.24 12

rms coordinate error (A) 0.11 0.10

no. of protein and substrate atoms 7240 7228

(dimer O5-0491, X5-X491) (one glycerol per monomer)
Table 2: Se-MAD Data

data set fr f"  resolution limit (A) no. of measurements no. of unique reflections completenessi(#()) (%) Rsym (%)
A1=0.9791 -7.560 3.842 2.8 200257 33740 97.5(98.4) 12.6 9.1
A,=0.9788 —6.892 3.839 2.8 198581 33725 97.6 (98.6) 12.4 8.6
A3=0.954 —2.818 3.636 2.8 194718 33932 97.8 (98.6) 12.8 8.8

in the glycerol-complexed structure, the position of the did not yield a solution. It was expected that the apo form
nucleotide was modeled on the basis of Eheoli structures would be significantly conformationally different from the
with ADP bound 8, 11, 22) and adding the/-phosphate ~ complex form, possibly in the orientation of domains | and
group, whose bond lengths and angles were positionedll. Models using just domain | or domain Il of the complex
according to defined literature values. Our modeling of ATP structure did not yield a rotation function solution.
into the active site of th&n. casseliflauscomplex required On the basis of our previous problems with nonisomor-
no significant remodeling of the active site of the glycerol- phism in the complex crystals, the SeMet-substituted enzyme
complexed structure. was expressed, purified, and crystallized. The SeMet-
Determination of the exact ncs rotation matrix was incorporated enzyme was expressed in methionine aux-
achieved through correlation of the positions of ncs-related otrophic strain B834, following standard protoca8), and
heavy atom sites. This allowed the ncs pseudo-2-fold axis purified as described for native GIpK, except that 1 mM
to be refined. Final confirmation of the dimeric structure TCEP was added to the purified enzyme, maintaining a
came through ncs averaging with DM, and the model was reducing environment. Using the condition found for the
completely traced from the averaged maps except for regionscrystallization of the H232A apo-GIpK, we were able to
that differed in the two subunits, in particular, the loop obtain data quality crystals of the SeMet-substituted enzyme
regions containing the regulatory histidine and dimer inter- by microseeding with the unsubstituted H232A apo crystal
face regions. The latter regions were traced from nonaver-and growing these at 4C, using the same crystallization
aged,oA-weighted electron density maps. condition that was used for the unsubstituted H232A apo
Apo-GIpK. The His232Ala (H232A) GlpK mutant lacks  form, described in detail above. Structure determination was
the site of phosphorylation (activation), although its basal through a three-wavelength multiple anomalous dispersion
activity is similar to that of the unphosphorylated native (MAD) approach, with data collected at 100 K at beamline
enzyme. We used this H232A GlpK mutant for all apo crystal X8C at BNL with wavelengths of 0.9788 (peak), 0.9791
setups, as it yielded diffracting crystals of the apo form. The (inflection), and 0.954 A (high-energy remote) (detailed
mutant protein was purified as described for the wild type, statistics listed in Table 2). Three wavelengths were collected,
and crystals of the H232A GIpK mutant enzyme without and merging, reduction, and scaling of the data were done
substrate (apo) were obtained by hanging drop vaporin Denzo and Scalepack. Heavy atom positions were found

diffusion, using a protein concentration of 18 mg/mL and
from a solution containing 22% PEG 400, 0.1 M potassium
phosphate (pH 5.9), and 5 mM 1,10-phenanthroline. Al-
though crystallized under different conditions, the H232A
apo-GIpK crystallized in the same space groBp,2:2;) and
with cell dimensions very similar to those of the complex:
a=56.33 A,b=95.46 A, andc = 200.53 A. Data were

with Solve @4), and these positions were iteratively refined.
Of the 15 potential selenium sites per monomer, 12 were
found and refined to occupancies between 0.6 and 1.0. Initial
MAD phases had a figure of merit of 0.68, a phasing power
of 1.4, and arR.s of 71%. Solvent flattening and density
modification in Resolved4) yielded initial phasing informa-
tion, after starting from the experimental MAD phases. At

collected using the in-house rotating anode source at 100 K2.8 A, theFg*<ac maps calculated using the MAD phases
to 2.6 A resolution, with 97% overall completeness. Despite clearly showed continuous density for most of the backbone;
these similarities, MR attempts using the complex as a modelusing each domain from a monomer of the complex structure
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E. faecalis LPKVVSNSEV--YGLTKNYHFYGSE- - -VPTAGMAGDQQ
E. casseliflavus LPEVKSNSEV--YGHTRSYHFYGSE - - -VPIAGMAGDQQ
S. aureus LPEVKASSEV--YGKTIDYHFYGQE- - -VPIAGVAGDQQ
S. pyogenes LPEVKSNSEI--YGKTAAFHFYGGE- - -VPISGMAGDQQ
L. lactis LPEVKSNSEV--YGVTKGFHFFGSE- - -VPISGMAGDQQ
B. subtilis LPEVKPSSHV--YAETVDYHFFGKN- - - IPTAGAAGDQQ
L. monocytogenes LPEVRPSSEV--YADTVPYHFFGEE- - -VPVAGIAGDQQ
X. fastidiosa LPDVRSSSDI--YGLTQTPYFHGEQ---IPIAGIAGDQQ
M. pneumoniae LPKVMPSNAH- -FGDIVPSHWSTSATGMVPIRGVAGDQQ
M. genitalium LPKVLSSNAY - - FGDIETNHWSSNAKGIVPIRAVLGDQQ
M. bovis LPEIASSAPSEPYGVTLATGPVGGE- - -VPITGVLADQH
M. tuberculosis LPEIASSAPSEPYGVTLATGPVGGE- - -VPITGVLGDQH
M. leprae LPAIASSSPLQPYGVTLADGP-GGE- - -VPITGVLGDQH
M. avium LPEIGPSSSPRPFGVTSDTGPAGGR- - -IPITAVLGDQH
C. difficile LPLVKPSSYV--YGHTDERMLSGAK- - - IPTAGCAGDQQ
C. acetobutylicum LPEVKNSSEV--YGYTNLGGKGGIR---VPIAGMAGDQQ
E. coli LPEVRRSSEV--YGQTNIGGKGGTR- - -IPISGIAGDQQ
S. typhimurium LPQVRKSSEV--YGQTNIGGKGGTR- - -IPIAGIAGDQQ
V. cholerae MPEVKKSSEV--YGQTNIGGKGGTR---IPIAGIAGDQQ
H. influenzae LPEVRNSSETI - -YGQTNIGGKGGVR- - - IPVAGIAGDQQ
P. multocida LPEVRNSSET - -YGQTNIGGKGGVR- - - IPVAGMAGDQQ
Y. pestis LPEVRPSSEI--YGKTNIGGKGGTR---IPIAGIAGDQQ
P. aeruginosa LPEVRNSSEV--YGNARIGGVGGGE- - -LPTAGIAGDQQ
C. burnetii LPTVLDNCAQ--FGFTDLDLL-GHK- - - IPITAMIGDQQ
B. pertussis LPRIAPSSAR--IGETLPEWLGGS - - - -IPTAGVAGDQQ

Ficure 1: Sequence alignment of the regulatory loop carrying the phosphorylatable histidine (H in bold type) in GlpK of Gram-positive
bacteria and the FBP binding site in GIpK of Gram-negative bacteria (G and/or R also in bold type). Gram-negative organisms, whose
GIpK contains a potentially phosphorylatable histidine, and Gram-positive bacteria, in which a phosphorylatable histidine is absent from
GIpK, are underlined.

as a starting modeh-72% of the protein could be placed RESULTS AND DISCUSSION
with major reorientation of domains | and Il relative to their
orientation in the complex form. Other areas of difference  General Structural FeaturesA subunit of theEn. cas-

were at the entrance of the catalytic cleft and at the activation seliflavus GIpK is composed of two domains with a topology
loop, as described further in the following section. After gjmilar to that of the ATPase core of hexokina86)( The
initial model building of these regions using the program O jnterface of the two domains forms the catalytic cleft in
(25) and initial refinement us!ng the 2._8 AMAD datfa, further \which glycerol and ATP bind (Figure 2A,B), and this region
refinement was done against a higher-resolution 2.5 A i entirely conserved in the sequence and structural motif of
unsubstituted H232A apo data set. the En. casseliflaus and E. coli enzymes. Located ap-
This data set was collected from a crystal of the unsub- proximately 25 A from the catalytic cleft, at the interface of
stituted apo H232A form, crystallized and frozen under the the En. casseliflaus GlpK dimer, is the loop that contains
same condition that was used for the SeMet-substituteda conserved histidine, His232 (Figure 1). In contrast to the
H232A protein and collected with a wavelength 0.97 A at highly conserved catalytic cleft, the amino acid sequence and
beamline X8C at BNL. Initial crystals of apo-GlpK had fairly  structure at the regulatory regions are significantly different
high mosaicity values<0.8°) when grown using a hanging in the GIpK enzymes fronn. casseliflaus andE. coli.
drop setup with microliter volumes. Using a nanoscale  The active oligomer is a dimer, and the two subunits are
crystallization approach26), the 2.5 A diffracting apo  nonequivalent structurally although identical in sequence.
crystals had significantly decreased mosaicity value®4). Particularly significant differences occur in two subregions
These crystals exhibited accelerated rates of nucleation anchf domain I: (i) at the dimer interface (denoted as “I-int” in
growth, with an approximately 30% reduction in time for the text and figures) comprising residues B extending
nucleations to be first observed. The reduction in mosaicity from the N-terminus and (ii) at the loop containing the
may be due to the concomitant reduction in the extent of phosphorylatable histidine (“I-phos”) comprising residues
oxidation, deamidation, or other degradating reactions that225-240 (Figure 2A). These subregions differ by an rms
become more significant with time and can increase non- value of 2.4 A in the O and X subunits with larger differences
homogeneity in the protein so that an enhanced rate offor certain residue pairs, whereas the catalytic cleft and
equilibration can exert an overall positive effect on crystal contiguous regions exhibit much smaller rms differences of

formation and growth. only 0.6-0.8 A over 300 @ atoms.
Refinement of the structure was achieved with CNS, as  En. casseliflaus GIpK appears to form a pseudotetramer
described earlier for the complex structure. Bati- in the P2,2,2; crystals that are obtained (Figure 3A). Two

weighted and Resolve maps were generated to assess thequivalent dimers are formed, one by subunits O and X and
model after every round of refinement. The final H232A apo the second by subunits Y and Z, following the nomenclature
model has been refined to 2.5 A to Rie 0f 24.3% and an  introduced by Hurley et al.i(l). (It should be noted that
Reryst Of 22.1% (Table 1), without waters. our discussions of the ©X dimer also apply to the ¥Z

The refined, cross-validate®7, 28) structures of the  dimer, which is equivalent, although for the sake of brevity,
H232A apo-GIpK and wild-type (WT) complex GIpK were only the O-X dimer will be denoted.) These dimers are
analyzed through superpositioning and difference-distancepositioned in the crystal in such a way that significant
matrices to quantitate structural differenc@8)( contacts occur between subunits O and Y but none between
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A E. casseliflavus
Phosphorylation Site
(E. coli FBP binding site)

Subdomain I-phos

Domain |

" Subdomain I-int

Catalytic Cleft

Domain Il

E.coli
Enzyme IlA_Glc p
Binding Site

Ficure 2: (A) Ribbon representation of a monomer of GlpK. Domains and “subregions” are highlighted by a different color as follows:
domain | in cyan, domain Il in green, subregion I-int in purple, and subregion I-phos in red. The catalytic cleft is at the interface of the two
domains, | and II, and glycerol binds deep within the catalytic cleft. The residues that interact with glycerol are depicted in ball-and-stick
representation and colored according to their respective domains. Subregion I-int, comprised of resi@)éscfudes the interface helix

of the O—X dimer, while subregion I-phos, comprising residues 2280, includes the activation loop. These regions differ the most
between the O and X subunits within the dimer. The regulatory regions of botartheasseliflaus andE. coli GIpK enzymes are distal

from the catalytic cleft. IrEn. casseliflaus the loop that contains the phosphorylation site, His232 (shown in red), is approximately 25 A
from the catalytic cleft; this is the same region that binds FBE.iroli. In E. coli, the region of the kinase that interacts with enzyme
[IAGle (shown in yellow) is~30 A away. (B and C) Stereoview of tl-weighted 2F, — F¢| electron density maps contoured atBd

the complex (B) and apo (C) substrate binding sites, where the residues that interact with the glycerol substrate are labeled. This figure was
created with the program 3).

subunits X and Z (Figure 3A). This is in distinct contrast to runs parallel to the crystallographic;-8rew axis. As

E. coli GIpK, where the tetramer has exact 222 point group discussed later, this nonequivalence may be ultimately related
symmetry and subunit contacts are equivalent (Figure 3B). to the mechanism of signal transduction that communicates
The subunits within the ©X dimer of En. casseliflaus the phosphorylation event from the distal loop to the catalytic
GlpK are related by a pseudo-2-fold axis of 177véhich site.
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Ficure 3: Stereo figures of the packing in tl. casseliflaus (A) andE. coli (11) (B) GIpK crystals. Each monomer is differentiated by

a separate color, and each subunit is denoted as O, X, Y, dbt)ZI6 En. casseliflaus GIpK, a rotation of the top dimer (©X) relative

to the bottom dimer (¥-2) differentiates the packing from that of an exact tetramer, with no contacts between the X and Z subénits. In
coli GIpK, the packing is tetrameric with exact 222 point group symmetry.

In the En. casseliflaus GIpK structure, the ©X dimer Additional evidence of differences at the regulatory
buries 2300 A due largely to the intimate interactions domains ofE. coli GIpK can be obtained from the interac-
concentrated near the loop region containing the regulatorytions of the allosteric effectors fructose 1,6-bisphosphate
histidine His232. This loop region is composed of residues (FBP) and enzyme lIA°. Both of the effector molecules
225-240 of both the O and X subunits. Additional contacts bind to specific regions located25—30 A from the catalytic
occur between the long interface helices, encompassed bycleft on opposite sides of the GIpK molecule. In contrast,
residues 4968, forming a coiled-coil pair. These extensive GIpK of Gram-positive bacteria does not interact with
contact regions indicate that the globulat+® dimer is most enzyme |43, but becomes phosphorylated at a histidyl

likely the physiologically relevant form d&n. casseliflaus residue in a PEP-dependent reaction catalyzed by enzyme |

GlpK. The O-X dimer is also thought to be the entity and HPr, the two general proteins of the PTS, as described

recognized by RHis-HPr for phosphorylation. earlier. Interestingly, the FBP binding loop Bf coli GlpK
Conversely, in th&. coli GIpK structure, the ©X dimer corresponds to the loop containing the phosphorylatable

buries only 400 Aand is not thought to be the catalytically histidine in theEn. casseliflaus enzyme. However, FBP
competent dimerl(1). For E. coli GlpK, there was specula-  binding toE. coli GlpK and phosphorylation at His232 of
tion that the elongated ©Y dimer is the physiologically  the En. casseliflaus enzyme exert antagonistic effects on
relevant oligomer, with a buried surface area of 34G0IA GlpK activity, and the conformations of these regions are
contrast, thén. casseliflausO—Y dimer buries only 1700  significantly different in the two enzymes. THen. cas-
A2, half that of theE. coli O—Y dimer and less than that of  seliflayus activation loop is in an extended conformation,
the O—X form of the En. casseliflaus enzyme. Moreover,  whereas thé. coli loop is “closed down” and symmetrical
there is no contact between the X and Z subunits inBhe (Figure 4). This extension of the loop from the surface of
casseliflaus GIpK pseudotetramer (Figure 3A). the protein irEn. casseliflausmay facilitate phosphorylation
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Ficure 4: Significant differences exist between tke coli and

En. casseliflaus oligomers, and these differences are especially
pronounced at the regulatory regions. The activation 100p region |
of En. casseliflausis well-ordered, while this loop is structurally
ordered only with the binding of the inhibitor, FBP, E coli. In

En. casseliflaus these loops are extended, possibly enhancing the
accessibility of these regions to HPr for phosphorylation, in contrast
to theE. coli loop conformation.

-

. R . FIGURE5: Superposition of th&n. casseliflausapo (orange) and
by HPr during activation of the enzyme by providing greater complex (cyan) monomer subunits viewed down the axis of rotation
accessibility to the histidine. (denoted with a yellow, cross-marked circle). Conformational

Apo and Glycerol-Complexed Forms and the Catalytic differences are found at the entrance of the catalytic cleft, where

; i ; ; the binding of substrates results in a significant reduction in solvent
Cleit. Glyceral binds deep within the catalytic cleit (Figure accessibility. Two loop regions, highlighted in green (complex) and

2A) with hydrogen bonding interactions with residues Arg84, yejiow (apo), near the opening of the catalytic cleft exhibit
Trp104, Tyrl36, and Asp246. The electron density maps especially pronounced changes and close off the entrance of the
provide clear indications of the presence and absence ofactive site after substrate binding. Possibly related to the mechanism
gyceroln the complex and apo siuctres (Fgure 28.C) 0 RY B LT oL 0 e e
Minor Sthtural dlff(_fzrences are found when the _catalyth Clef.t thg conformz}iltional cFr)lange)é obgerved upopn bin%ingyof glycero’I may
and contiguous regions of each of the subunits in the dimeric he|, 1 position Arg18 closer to thephosphate of ATP to enhance
En. casseliflaus GIpK complex (with glycerol) are compared  phosphoryl transfer to glycerol.
to those of theE. coli GIpK complex (with glycerol, ADP,
and enzyme IIAGIc). In the ©X dimer, rms deviations of  the cleft whereas ADP binds near the opening. The region
0.6 and 0.8 A are found, respectively, for 31& &oms out closest to the glycerol binding site exhibits localized changes
of a total of 487 @ atoms per monomer subunit (omitting of side chain orientations but no significant backbone
the interface helix, enzyme 1-binding, and loop regions).  conformational changes, indicating that the site is essentially
As a consequence, the catalytic clefts are essentially the“primed” for glycerol binding.
same: the positions of glycerol and active site residues are In contrast, the region around the entrance of the catalytic
superimposable. This structural similarity reflects the con- cleft exhibits the greatest changes in conformation whereby
servation of substrate-binding motifs near the catalytic site the active site becomes closed off to prevent solvent or other
and the high degree of sequence identity of this region molecules from entering once both substrates are bound.
between GIpKs from Gram-positive and Gram-negative Particularly striking are changes at two loop regions at the
bacteria (Figure 1). Hence, it appears that the active siteopening of the cleft, encompassed by residuet®and 36-
region in GIpK enzymes from these divergent organisms is 48 (Figure 5). Especially relevant may be the change in the
genetically and structurally conserved, whereas striking loop of residues 919 as Argl8 may be a key residue in
differences exist in other parts of the enzyme, correlating to mediating transfer of a phosphoryl group from ATP to
the differing regulatory mechanisms that are operating in the glycerol. The movement of the loop brings Arg18 closer to
Gram-positive and Gram-negative systems. the nucleotide-binding region, supporting the idea that Arg18
The active site cleft accommodates two substrates, glycerolmay aid in shuttling the phosphoryl group from ATP to
and ATP, the phosphoryl group donor. ADP has been shownglycerol.
to bind close to the entrance of the cleft and introduced no  This domain closure is reminiscent of that exhibited by
additional conformational changes in tlie coli GlpK— hexokinase, although the overall magnitude of rotation of
glycerol complex {1, 12, 31). The binding of this nucleotide  7° is appreciably smaller than the rotation of°ldhserved
substrate is expected to be conserved, as described abovdor hexokinase. The resulting atomic movements of the
Considerable changes in the orientation of domains | and polypeptide backbone can be as much as 5.5 A, in those
Il occur when the apo subunit is compared to the complex. regions farther away from the point of rotation. The overall
These differences can be described as a rotation about amoot-mean-square deviation of the apo and glycerol-com-
axis that is on the periphery of the monomer, close to the plexed forms is 2.7 A over 471 Catoms. The glycerol-
glycerol binding site (Figure 5). Using the entrance of the induced domain closure, in conjunction with the surface area
catalytic cleft site as the reference, glycerol binds deep in that becomes buried by the substrate, drastically reduces the
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Ficure 6: Stereoview of a figure-of-merit-weighteeh,ns electron density map foEn. casseliflaus GlpK contoured at & of the loop

region containing the phosphorylation site from residue 231 to 234 of both O and X subunits. Residues denoted with primes are from the
O subunit. The electron density is well-defined in this region, in contrast to tHat @oli GIpK where this region could not be traced due

to disorder. The aromatic residues clustered at this region may function in recognition of the phosphorylation site by HPr.

solvent accessibility of the catalytic cleft by62%. Once the GlpKs of most Gram-negative bacteria, these residues
the effect of ATP (ADP) binding is included, the accessibility are glycine or lysine, whereas these aromatic residues are
is reduced by an additional 12%, leaving only 26% of the conserved in Gram-positive bacteria (Figure 1). However,
initial enzyme surface solvent accessible. This reduction in E. coli GlpK in complex with FBP indicates that the tetramer
solvent accessibility suggests that ATP binding must follow may “sequester” the enzyme in an inactive state, suggesting
immediately upon glycerol binding since the closure of the that the dimer is the active oligomer, responsible for catalytic
binding cleft would preclude most molecules from entering function in both bacterial systems, (22).
the active site once glycerol is fully bound and conforma-  In theEn. casseliflaus GlpK, the loop containing His232,
tional closure is completed. which becomes reversibly phosphorylated to activate the
The smaller magnitude of the conformational change kinase, is well-ordered in both subunits (Figure 6). This
between the apo and glycerol-complexed forms for GlpK activation loop lies approximately 25 A away from the
compared to hexokinase could be a consequence of the threegatalytic cleft at an interface of the-©X dimer. This brings
carbon, three-oxygen substrate that is accommodated at theéhe histidines from the O and X subunits to witté A of
active site relative to the larger six-carbon, six-oxygen each other. The stoichiometry of phosphorylation is likely
substrate in hexokinase. Related to this question of how thetwo per dimer so that each histidine in both subunits becomes
conformational changes can be correlated to the mechanisnphosphorylated in GlpKs of most Gram-positive bacteria.
catalyzed by the kinase is how the phosphorylation of a Evidence for this assumption has been obtained from
histidine at a distance of 25 A is propagated to the active measurements of the levels of phosphorylation in GIpK from
site to enhance this rate of reaction. Enterococcus faecalid 3) andBacillus subtilis(32), where
Intramolecular Signal Transduction and the Phosphory- ~90% of the molecules were found to carry a phosphoryl
lation Loop. When E. coli GlpK was crystallized in the  group after incubation with PEP, enzyme I, and HPr. In
presence of glycerol and ADP or in a quaternary complex addition, in En. faecaliscells cultured in the presence of
additionally containing the allosteric effector enzymedtA glycerol, up to 85% of the GIpK molecules were present in
the loop corresponding to th&n. casseliflaus GlpK their phosphorylated form9}. The proximity of the two
activation loop could not be traced due to disordet)( His232 residues in the active dimerkei. casseliflaus GlpK
Interestingly, inE. coli GIpK complexed with glycerol and  suggests that phosphorylation at both histidines is likely to
the allosteric effector FBP, this loop was stabilized and was cause significant conformational changes due to charge-
found to be the binding site for the inhibito8)( One FBP repulsion effects, propagating a signal of the phosphorylation
molecule is bound to the ©X dimer and one to the ¥Z event (Figure 7).
dimer in an asymmetric manner. Gly235 and Arg237 from  This signal could be further propagated through rearrange-
each subunit bind the glycolytic intermediate, thus favoring ment of the dimer interface helices (l-int in Figure 2), as the
dimer—tetramer association. As can be seen from panels Ainteraction of these structural elements can be facilely
and B of Figure 3 and from Figure 4, there are structural changed without requiring a large change in the overall
differences between the FBP binding loop in GlpK ©f conformation of the monomer subunit. The interface subre-
coli and the activation loop of GIpK fror&n. casseliflaus gion lies at the periphery of the glycerol-binding cleft and
Despite the 77% level of overall sequence similarity is involved in binding ATP, as described earlier (Figure 5).
betweerEn. casseliflausandE. coli GIpKs, the amino acid  In the structure ofE. coli GIpK with glycerol and ADP
sequences of the activation loop in GlpK of Gram-positive bound, one residue in particular appears to be important for
bacteria and of the FBP binding loop in GlpK of Gram- regulating catalysis: Argl7 (Argl8 ilen. casseliflaus
negative organisms are completely different (Figure 1). The GIpK) interacts with both the O2 and O3 atoms of the
FBP binding loop contains several Gly residues and a Lys -phosphate moiety of ADP1(Q). This arginine residue is
residue and exhibits similarity in structure and sequence to conserved in both Gram-positive and Gram-negative GlpKs.
the Walker A motif (P-loop) of nucleotide binding proteins When the O and X subunits of tlen. casseliflaus GlpK—
(3). In contrast, the phosphorylatable histidine in GIpK of glycerol complex and thé. coli GlpK—glycero-ADP
Gram-positive bacteria is surrounded by three conservedcomplex are compared, the position of the guanidinium group
aromatic amino acids (either Tyr or Phe), which form a differs by up to 3 A. This suggests that conformational
hydrophobic patch near the base of the activation loop. In changes of subregion I-phos, resulting from phosphorylation
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His-232(X) &*°
(Ji.is-m'{m

FiGurRe 8: Stereoview of the *“histidine chain” found at the
activation loop region, formed by regulatory histidines His28#l
His232 of the G-X dimer and histidines His121 and His196 from
symmetry-related O (in red) and X (in purple) subunits. These
additional molecular interactions may suggest how molecules of
GIpK can be sequestered for molecular recognition.

enzyme phosphorylatieractivation mechanism, appear to
follow a sequential reaction where the phosphoryl group is
' _ . transferred directly between substrates with “in-line” geom-
_ okl : —r A etry that results with an inversion of configuration at the
FIGURE 7: Superposition of the X subunit onto the O subunit of phosphoru_s a_torrf_B@). . .
theEn. casseliflaus O—X dimer. Large portions of the monomers Another indication that phosphorylation of the distal loop
are similar with rms deviations of 0:8.8 A at the contiguous  results in a conformational change that is propagated to
regions surrounding the catalytic cleft (30GxGtoms). These  enhance catalysis is the location of the binding site of the

regions are shown as green coils in both subunits. The largesty,qative effector, FBP. As discussed earlier, this binding site
regions of difference are localized to subregions I-int and I-phos. ' ’ '

These regions are represented as strands, helices, and loops ard@S Peen shown to be at the interface of the>XOdimer
colored purple for the O subunit and yellow for the X subunit. As loops of E. coli GIpK (3). FBP exerts a similar inhibitory
depicted in this figure, changes at the loop region may be response inEn. casseliflaus GlpK (13). This could be
transmitted to the catalytic cleft by the interface helices, in particular gchjeved by preventing the requisite conformational change
to Arg18. Arg18 and glycerol from thién. casseliflausX subunit ¢ yhe |oons that ultimately results in the reorientation of

are shown, and ADP is modeled from tke coli structure 11). . . . . .
) the active site residue(s) to enhance catalysis. This would

of His232, may induce subsequent changes in subregion l-int. Sequester the enzyme in t_hg less cafcalytically active _structural
This would ultimately reposition Arg18, which would be form and provides additional evidence supporting our
brought into a more optimized geometry for mediating the ProPosed mechanism for activation of the enzyme.
phosphoryl transfer of thq-phosphate_group of ATP to MOLECULAR RECOGNITION
glycerol through the formation of a transient phosphoenzyme
intermediate. Both activation loops of the ©X dimer are engaged in
Although this change is propagated through several crystal contacts such that each His232 has a nearby histidine
residues, altering the position of Arg18 may be particularly from a symmetry-related molecule which forms a chain of
important since phosphorylation is known to affég (the histidines at the interface (Figure 8). Specifically, His121
rate of turnover) but noK, (the binding affinity) 0). The of one GIpK molecule comes within 5.5 A of His232 of the
changes observed in these structures support a model inX subunit, and His196 from another GlpK molecule is
which the binding affinity for ATP is unaffected but the rate situated near His232 of the O subunit. Although the locations
of transfer of a phosphoryl group from ATP to glycerol is of these residues are due to crystal packing, these nearby
enhancedq, 13). Adjusting the position of Arg18 could have His121 and His196 residues may indicate alternative con-
exactly such an effect, by affecting the conformation of this formations for the donating phosphorylated histidine from
residue for transition-state stabilization during phosphoryl HPr, especially as they are in an orientation that appears to
transfer in the active site, enhancing the activity by more be well-suited for donateracceptor interactions. In conjunc-
than 10-fold. tion with the aromatic residues clustered at this site, the patch
Prior to our current results, a model of the conformational of histidines may function in the recognition of sites of
change that accompanies glycerol binding was largely basedohosphorylation in GlpK. The transient association of
on hexokinase3Q, 33). However, our results suggest that multiple molecules of GIpK for recognition and enhancement
the mechanism of phosphoryl transfer is mediated by an of the phosphoryl transfer reaction may present a plausible
intermediate state whereby the enzyme shuttlegthkos- scenario of a mechanism of molecular recognition.
phoryl group from ATP to glycerol. In contrast, hexokinase,  Interestingly, HPr employs a similar paradigm of interact-
and possibly thé&. coli GIpK, which is not regulated by an  ing hydrophobic surfaces which includes residues lle47,
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Met48, Val50, and Met51 in binding to its different

Biochemistry, Vol. 43, No. 2, 200871

GlpKs exhibited elevated activity similar to that observed

partners: glycogen phosphorylase, enzyme |, and enzymefor phosphorylated GlpKs. It is likely that electrostatic

IIACGc (35). Hydrophobic surfaces in the vicinity of the

repulsion caused by the two positively charged arginines

phosphorylatable histidine are present also in enzyme | andlocated in neighboring activation loops in the mutant GlpK

enzyme 114°¢, and these regions have been implicated in
interactions with HPr36, 37). It is therefore likely that a

similar recognition scheme is utilized in most Gram-positive
GlpKs, where the hydrophobic “interaction” patch from HPr

O—X dimer leads to structural changes similar to those
caused by the negative charges of the phosphoryl groups
bound to the N2 position of His232. As already discussed,
in-zitro andin-vivo experiments showed that the regulatory

makes contact with the patch of aromatic amino acids histidines in both subunits of the-X (Y —Z) dimer become

surrounding the phosphorylatable histidines in the GIpK
dimers (Figure 6).

Enzyme IIAGIc Binding Region in E. coli GlpKthe
GlpK—enzyme [ complex determined by Hurley et al.

phosphorylated1(0, 13, 32).

Another key mutant led to enzyme I- and HPr-independent
GIpK activity; this was a Glu65Gly substitutior3g). This
amino acid is located in the coiled-coil pair of subunit

(11) showed that the regulatory protein binds at one end of interaction helices in the center of the-®& dimer. These

GIpK, approximately 30 A from the catalytic cleft and

helices in our model of intramolecular signal transduction

opposite the FBP binding loop, which corresponds to the propagate the phosphorylation event at His232 to the active

activation loop containing His232 i&n. casseliflaus GlpK
(Figure 2A). The interaction of enzyme I¥& with E. coli
GlpK is primarily through residues in a helical region,
comprising residues 472181, close to the C-terminus. This
region of E. coli GIpK is structurally disordered prior to
binding of enzyme II&" and becomes an ordered helix after
binding (L1). In contrast, in theEn. casseliflaus enzyme,
the electron density in this region is well-ordered, despite
the lack of interaction with effector proteins. No interactions
seem to occur betwedtn. casseliflaus GIpK and enzyme
IIA G, since the PTS protein from either Gram-positive or
Gram-negative bacteria exerted no effeceon casseliflaus
GlpK activity (13). Thus, although regulation of glycerol

site to reorient specific residues. This replacement of a Glu
with a Gly residue likely affected the conformation of the
residues at the periphery of the active site, in particular
Arg18, whose orientation may be essential for efficiently
mediating transfer of a phosphoryl group from ATP to
glycerol, as discussed earlier. This Glu65Gly mutant may
have a conformation that locks the subunit helices, and
consequently Argl8, into a more optimal conformation.
Conservation of Glu65, His230, and Phe232 residues
occurs only in GlpKs of Gram-positive, but not Gram-
negative, bacteria, suggesting that they have a specific
function in regulating GlpK activity in the former organisms.
However, Phel35 in the catalytic cleft is conserved in GlpKs

kinase by PTS proteins in Gram-positive and Gram-negative from both types of bacteria. The effects of mutations of these
bacteria is mediated by very different mechanisms, both residues again highlight the molecular and mechanistic
systems rely on long-range effects to modulate enzymethemes that have been correlated to the GIpK structures

catalysis.

CONCLUSIONS

The structures of th&n. casseliflaus apo and complex
GIpK forms provide an enhanced understanding of the

mechanism of catalysis employed by this key enzyme in the
glycerol metabolism pathway. These structural results pro-

vide additional new insights into the effects of seveyiaK
mutations, which permitted the Gram-positie subtilis

ptsHI mutants to grow on glycerol as the sole carbon source

(39).

Due to the absence of GIpK phosphorylati@h,subtilis
ptsHI mutants are normally unable to metabolize glycerol
efficiently (5, 39, 40). However, several pseudorevertants

could be isolated which had regained the capacity to utilize

glycerol and which all had)lpK mutations 88). Only one
mutation affected an amino acid in the catalytic cleft, that

of a Phel135Ser mutant, and this result is likely due to the

proximity of this residue to the key Tyrl34 (Tyrl36 in
Enterococcukresidue that participates in glycerol binding.
More significantly, two other mutations affected amino acids
in the activation loop located at the interface of the-X0
dimer (Figure 3A). In one mutant, the phosphorylatable
His230 inB. subtilisGlpK was replaced with an arginine;

described in this report: conservation of binding and catalytic
motifs with divergences in regulatory interactions. Because
of slow hydrolysis of the phosphoamidate bond tr@ipK,

it will be very difficult to study the structural effect of
phosphorylation directly with a crystal structure of8IpK.

It will therefore be interesting to determine the structure of
one or several mutant GlpKs exhibiting elevated activity
probably because of structural changes similar to those
caused by phosphorylation.

Our model of a ternary complex of ATP, glycerol, and
GIpK shows that the phosphorus atom of thphosphate is
4.5 A from the 3-hydroxyl of glycerol. This distance does
not preclude a dissociative mechanism for transfer of a
phosphoryl group to the 3-hydroxyl. However, we favor a
phosphoryl transfer mechanism that is mediated through the
enzyme, and this model aptly links our structural results with
the reported, andk.s. Our model of intramolecular signal
transduction from the site of phosphorylation, necessitating
propagation of the covalent event over 25 A, is through
rearrangement of helical elements to precisely position Arg18
at the active site and again ties our structural results with
biochemical analysis. Our models are likely generally
applicable to other enzymes utilizing long-range regulatory
mechanisms based on phosphorylation.

in the other, the neighboring Phe232 was exchanged for apckNOWLEDGMENT
serine. These two mutations likely caused structural changes

similar to those resulting from phosphorylation at His230
of B. subtilisGlpK. In agreement with this assumptidan.
casseliflausH230R (3) andB. subtilisH232R 82) mutant

Data were collected at the Stanford Synchrotron Radiation
Laboratory, Cornell High Energy Synchrotron Source, and
Brookhaven National Laboratory. We thank all the staff for
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15.

SUPPORTING INFORMATION AVAILABLE

16.

A movie depicting the proposed two-part intramolecular

signal transduction mechanism is available. The firstinvolves 17.

a rotation of domains | and Il to close off the active site
upon substrate binding. The second models the conforma-
tional change that would follow phosphorylation of the

histidines at the loop region. This change is propagated 19.

through the dimer interface helices and ultimately repositions
Arg18 to more optimally mediate transfer of a phosphoryl
group from ATP to glycerol. This material is available free
of charge via the Internet at http://pubs.acs.org.
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