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ABSTRACT. The X-ray crystal structure of adenosylcobinamide kinase/adenosylcobinamide phosphate
guanylyltransferase (CobU) froBalmonella typhimuriurhound to GMP has been determined by molecular
replacement to 2.2 A resolution. CobU is a bifunctional enzyme, which catalyzes the phosphorylation of
the 1-amino©-2-propanol side chain of the adenosylcobinamide ring and subsequently functions as a
guanylyltransferase to form adenosylcobinam@®@P. The transferase activity involves a covalent
enzyme-guanylyl intermediate that is most likely a phosphoramidate linkage t#f.Hisevious studies

have shown that the enzyme is a homotrimer and adopts a pinwheel shape. Each subunit consists of a
single domain of six parallgi-strands and one antiparallel strand flanked on either side by a total of five
a-helices and one helical turn. Interestingly, i the apoenzyme is located a considerable distance
from the kinase active site or P-loop motif and is solvent-exposed [Thompson, T. B., et al. (1998)
Biochemistry 377686-7695]. To examine the structural relationship of the two active sites, CobU was
cocrystallized with GTP and pyrophosphate. Crystals belong to space BBy, with the following

unit cell dimensions:a = 58.4 A,b = 87.8 A, andc = 101.6 A. The structure shows electron density

for the hydrolysis product GMP rather than the expected covalent guanylyl intermediate which appears
to have been hydrolyzed in the crystal lattice. Even so, CobU exhibits a substantial conformational
rearrangement. The helix axis containing4ishe site of guanylylation, rotates 3@nd translates 11 A
relative to the apo structure and is accompanied by compensatory unwinding and rewinding at the helix
ends to allow the induction of a guanosine binding pocket betwkstrand 2 ando-helix 2. This
conformational change brings the, 6f His*¢ approximately 10 A closer to the P-loop motif such that a
phosphate ion located in the P-loop is @ A from the a-phosphate of GMP. This suggests that the
P-loop motif may be used to coordinate the terminal phosphates in both the transferase and kinase reactions
and implies that the active sites for both reactions overlap.

The complete biosynthesis of cobalamin by bacteria may called the aerobic and anaerobic pathwa$s [The key
require up to 30 enzymeq,(2). The biosynthetic pathway difference between these pathways is the timing of cobalt
of this exquisitely complex molecule shares a common insertion, which occurs early in the anaerobic pathway (
pathway with heme, siroheme, and chlorophyll synthesis up 5) and late in the anaerobic pathwa, (7). Clearly, the
to the generation of uroporphorinogen lil. Thereafter, the anaerobic pathway is less well understood. Even though most
pathway to adenosylcobalamin (Figure 1) incorporates many of the enzymes and intermediates have been identified, there
features that are not observed in the biosynthesis of otheris still much to be learned about their structures and
cyclic tetrapyrroles. There are at least two different pathways mechanisms. Currently, the three-dimensional structures of
for de novo synthesis of the corrin ring. These pathways are only two enzymes in this pathway are known: CobU and
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5' deoxyadenosine

N-terminus of the protein1(). The second activity adds
GMP to adenosylcobinamide phosphate to form adenosyl-
cobinamideGDP and is specific for GTP. This transferase
reaction proceeds through a covalent enzyigeanylyl
intermediate where the putative site for guanylylation is'tis
-y pONH This is the only completely conserved residue that could
readily form a phosphoramidate intermedia@e0). Thus,

this small enzyme is highly unusual in its ability to carry
out two very different reactions on a large substrate and
CHa implies that there should be two unique active sites on this
protein.

Crystallographic studies with the apoprotein revealed that

Cobyric
Cobinamide < acid

L HN,C(-O h 5NH2 the enzyme is a trimer where the subunits are arranged as a
Amin. —g | CHs pinwheel with a prominent cleft that might serve as the
L propanol { chs 5 /N:@ binding site for adenosylcobinamide)( Each subunit
Q‘ DmB consists of six parallgd-strands and a C-terminal antiparallel
Om=pP—0  OH CHg p-strand flanked by several-helices. The fold is similar to
Nucleotide OH several nucleotide-binding proteins which contain a phos-
Loop o phate binding motif or P-loop. Remarkably, CobU shares a
CHZOH similar topology with the central domain of the RecA protein,
although they share little or no sequence similar®y The
Ficure 1. Chemical structure of'&leoxyadenosylcobalamin. P-loop motif is most likely the binding site for the nucleotide

during the kinase reaction because of its similarity to other
six enzymes have been identified that catalyze aminopropanolkinases that contain this structural motij. The P-loop is
attachment and nucleotide loop assembly: CobU, CobD located at the back of a large cleft created from the subunit
ChiB, CobT, CobC, and Cob®,(11, 12).2 These Step's can " subunit interface and was found to be a significant distance

be broken down into four parts: (i) generation of the [TOM the putative transferase active site.
aminopropanol arm, (i) activation of adenosylcobinamide, ~ The structure of the apoenzyme showed that'¥{ithe
(i) formation of dimethylbenzimidazolea-riboside or histidine implicated in the guanylyl transferase activity, was
a-ribazole, and (iv) condensation of adenosylcobinamide located on the solvent-exposed side afhelix 2 ap-
GDP (AdoCbhiGDP) ando-ribazole to form adenosylcobal-  proximately 20 A from the kinase active site. From this
amin (AdoChl) (Figure 2). Biosynthesis of the aminopropanol structure, it was postulated that the aminopropanol arm of
arm is mediated by CobD, which is thought to decarboxylate the corrin ring was too short to swing between the two
L-threonine phosphate to produé®-{L-amino©O-2-propanol distinct nucleotide binding sites and a conformational change
phosphate. During de novo biosynthesR)-1-aminoO-2- was required to bring the kinase and transferase nucleotide
propanol phosphate is proposed to be joined to adenosyl-binding sites together. Alternatively, it was proposed that
cobyric acid by the enzyme ChiB to form adenosylcobina- the corrin ring might adopt two different conformations when
mide phosphate. CobU is the central enzyme in the bound to CobU). This would negate the requirement that
biosynthesis of the nucleotide loop and functions to activate the two nucleotide sites be near each other. Clearly, many
adenosylcobinamide by the attachment of guanosine diphos-unanswered questions concerning the relationship between
phate to form adenosylcobinami@&DP. CobT and CobC  the kinase and transferase sites and the interaction with their
work sequentially to generateribazole from nicotinic acid respective corrinoid substrates remain.
mononucleotide and DMB. In the final reaction, CobS  1¢ investigate the relationship between the two nucleotide
combines the activated cobinamide or Ado@DP and  pinding sites and to examine the specificity for guanosine
ac-ribazole to form the end product, adenosylcobalamin.  triphosphate in the transferase reaction, the structure of CobU
CobU or AdoChi kinase/AdoCbi phosphate guanylyltrans- coordinated to GMP was determined to 2.2 A resolution.
ferase is a small homotrimeric enzymel@ kDa per subunit) ~ The structure reveals that a conformational change has
that exhibits two distinct enzymatic activities, where it occurred relative to the apo structure that brings the kinase
functions both as a kinase and as a nucleotidyl transferaseand transferase sites into close proximity. Interaction of the
(10). In the kinase reaction, CobU catalyzes the phosphor- guanine ring with several critical side chains accounts for
ylation of adenosylcobinamide to form adenosylcobinamide the specificity for GTP in the transferase reaction and reveals
phosphate and can utilize a variety of nucleotides as the how this is achieved through formation of a substrate-induced
y-phosphate donor. Sequence analysis suggested that thigucleotide binding site. The structure also suggests that a
activity might be associated with a P-loop located at the relationship may exist between the kinase and transferase
nucleotide binding sites that might account for the remarkable
! Abbreviations: DTT, dithiothreitol; EDTA, ethylenediaminetet- ability of this small enzyme to carry out two distinct chemical

raacetic acid; rms, root-mean-square; AdoCbl, adenosylcobalamin; reactions. It appears that the ancestral protein was most likely
AdoCbi, adenosylcobinamide; DMB, 5,6-dimethylbenzimidazole. a kinase based on the similarity of the overall topology CobU

2 The names for the gene products involved in these pathways will ghares with RecA and other kinases and that the transferase
follow those forS. typhimuriumhowever, many of the proteins were

first identified in Paracoccus denitrificansut have different genetic ~ aCtivity may have evolved to utilize the existing phosphate
names {). binding motif.
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Ficure 2: Schematic chemical representation of the terminal steps and enzymes (gene names) involved in adenosylcobalamin biosynthesis

in S. typhimurium
EXPERIMENTAL PROCEDURES

Crystallization and X-ray Data CollectionCobU was
purified as previously describe@)(and dialyzed against 10
mM Hepes (pH 7.5) and 10 mM DTT at a final concentration
of 12 mg/mL. Protein was stored at80 °C after drop-
freezing in liquid nitrogen until required. After being thawed,
CobU was preincubated at’€ with 2.5 mM pyrophosphate
to inhibit the kinase reaction. The protein was then mixed
with 5 mM MgGTP and allowed to form the covalent GMP
intermediate for a period of 30 min before being mixed with
the precipitant.

Crystals were grown by the batch method from 16%
(w/v) poly(ethylene glycol) (PEG) 4000, 100 mM CacCl
and 50 mM CHES (pH 9.0). Optimal conditions for crystal

study includes X-ray diffraction collected from an orthor-
hombic crystal which grew to dimensions of 0.4 mur0.1
mm x 0.1 mm with space group2;2;,2; and the following
unit cell dimensions:a = 58.3 A,b = 87.7 A, andc =
101.3 A. The crystal lattice contained one trimer in the
asymmetric unit. The orthorhombic crystal form was chosen
since it was the least sensitive to cryogenic transfer.

For X-ray data collection at-140 °C, crystals were
transferred stepwise to a cryoprotectant solution of 25% PEG
4000, 500 mM NaC1, 150 mM Mggl7% ethylene glycol,
and 50 mM CHES (pH 9.0). X-ray data were collected to
2.2 A resolution with the acsd Quantum-1 CCD detector at
the Advanced Photon Source of Argonne National Labora-
tory (Argonne, IL) beamline 14BM-D. Diffraction data were

growth required nucleation from prior experiments by streak Processed with DENZO and internally scaled with
domestic shorthair). Three different crystal morphologies Table 1.

were obtained at slightly different PEG concentrations that

Structure Determination, #eraging, and Refinementhe

belong to at least two different crystal systems. The current structure of the CobtGMP complex was determined by



12998 Biochemistry, Vol. 38, No. 40, 1999 Thompson et al.

nate file 1C9K. The phosphate of the GMP molecule was
evident for two of the subunits, A and B. Figure 3a shows

Table 1: Data Collection and Refinement Statistics

L%S%lf“rgf?elé?éfs(ﬁed 326%:?2,'520 the omit electron density for GMP in subunit A. In the third
completeness (%) 97.3 (94.9) subunit (C), electron density for guanosine is clearly visible;
average I 27.5(9.5) however, its phosphate moiety is disordered. A phosphate
Rmerge(%0)> 5.3 (22.7) molecule was modeled in the P-loop region in two of the
friga'o'?'facm.'d 19.1 three subunits in a location similar to that observed in the
. of protein atoms 3820 . .
no. of solvent molecules 336 apo structure. Figure 3b shows the,2- F. electron density
no. of other molecules or ions 3 GMP, 1 Mg, of the P-loop residues with phosphate bound. Magnesium
1 pyrophosphate, pyrophosphate instead of phosphate was built into the kinase
averageB value and 2 phosphate active site of the third subunit. All electron density maps
main chain atoms 37.6 were generated with SIGMAA weightin@1). The current
all protein atoms 41.9 R-factor is 19.1% for all measured X-ray data to 2.2 A
solventatoms o 50.1 resolution with root-mean-square deviations from “ideal”
Wek')ghtg? rmfhde‘)’;\a“ons from ideality 0.011 geometry of 0.011 A for bond lengths, 2°32r bond angles,
bgﬂd ae,:giess((de)g) 232 and O.(_)09 A for groups of atoms expected_ to be coplanar.
planarity (trigonal) (A) 0.003 Analysis of the backbone dihedral angles with PROCHECK
planarity (others) A 0.009 revealed that 90.9% or 408 of the residues conformed to the
torsional angles (deg) 18.94 most favorable regions where the other 9.1% or 41 residues
3TNT refinement® The values in parentheses are from the resolution conformed to other allowed regiong2). All non-glycine
shells of 2.28-2.00 A. ¢ Ruege = Z[|Inl — [I}/Zln x 100, wherely amino acids exhibited favorable dihedral geometry. Refine-

and I, are the intensities of individual and mean structure factors,

respectively Refactor = 3||Fo| — kIFel[/S|Fol. ment statistics are given in Table 1.

molecular replacement with the program AmoRS, (16). RESULTS AND DISCUSSION

The initial search model included all three subunits of the

native structureq). A rotational search of data between 4  CobU was cocrystallized with 5 mM MgGTP and 2.5 mM
and 8 A resolution yielded three dominant peaks at 27.5, pyrophosphate. In the presence of MgGTP, CobU forms a
27.3, and 26.9. A translational search of the three largestcovalent enzyme GMP adduct at neutral or basic fB).(
peaks yielded a correlation coefficient of 49.3. Rigid-body Consequently, it was anticipated that the structure would
refinement of this solution resulted in a correlation coefficient contain a guanylylated intermediate; however, no evidence

of 63.7 and arR-factor of 40.8%. of the attachment of GMP to Hi%is seen. Instead, the final
Examination of the molecular replacement model in the Model contains three GMP molecules with the guanine ring
crystallographic cell revealed that residues Zsilas2 in the anti conformation (the phosphate group is absent in

overlapped with a symmetry equivalent molecule. This was Subunit C). Preliminary experiments show that the phospho-
the first indication that a large conformational change had histidine bond is not as stable as first believed and has a

occurred upon nucleotide binding. Due to a lack of electron eéasonably short half-life of approximately 21 s at room
density in this region and others, residues B ew?, temperature (M. G. Thomas and J. C. Escalante-Semerena,

GIN33—His®, and Ph&—GInol were omitted from all three ~ Unpublished results). A phosphate molecule was modeled
subunits. This was followed by 10 cycles of least-squares in the P-loop motif for subunits A and B, whereas Mg
refinement with the program TNT which lowered fRdactor ~ Pyrophosphate was modeled in subunit C.

from 42 to 36% 17). Two further rounds of manual model The final model for the molecular trimer contains 512 of
building and least-squares refinement lowered RHactor the 540 amino acids. Each subunit is composed of six parallel
to 30%. p-strands flanked by sig-helices and a C-terminal antipar-

Cyclical 3-fold averaging was employed to improve the allel g-strand. The secondary structural elements are labeled
quality of the electron densitylg). After each round of =~ @1—06 ands1—57 as shown in Figure 4. There are slight
model building and least-squares refinement, new matricesdifferences between the three crystallographically indepen-
were calculated with the program LSQKABQ) for averag- dent subunits where subunits A, B, and C contain 167, 180,
ing which enhanced the electron density for some of the and 165 amino acid reSidueS, respectively, out of 180. Figure
missing residueﬁ_(]l 20) TheR-factor for the final averaged 5 shows the relative differences between subunits A, B, and
model dropped to 25%, and the final model contained all C with and without GMP bound. The rms differences in the
residues except for the region from residue 33 to 40. The Positions of thea-carbons when the three independent
final averaged model also contained guanosine along with aSubunits were superimposed were 0.40, 0.49, and 0.50 A
phosphate ion located in the P-loop motif. The averaged between subunits A and B, B and C, and A and C,
model was expanded into the unit cell and subjected to arespectively. The rms difference in the positions of the
few rounds of model building and least-squares refinement. @-carbons of the CobU trimer with and without GMP bound
Solvent molecules were added using the PEKPIK program is 3.0 A with a maximum deviation of 12.7 A.
of the CCP4 packagel6) in locations where clear density Weak density was located in two loop regions. Shortly
and geometry consistent with a water molecule were afterS-sheet 2 at residue i the electron density becomes
observed. The three crystallographically independent subunitsweak and reemerges i-helix 2 at Al A second region
have been arbitrarily designated as subunits A, B, and C for of weak electron density is observed in the loop connecting
the purpose of discussion and reference to the PDB coordi-a-helix 4 ando-helix 5 (residues GRf—Asn®’). Both of these
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b)

Ficure 3: Representative electron density. (a) Stereoview of the difference electron density for the guanosine moiety in subunit A. The
coefficients for the difference electron density were of the fétgn— F., where the guanosine molecule was omitted from structural
refinement and phase calculation. The figure was prepared with the programs MOLDED and MOLSGRI®7).((b) Stereoview of the
electron density in the region of the P-loop motif with a bound phosphate. The coefficients for the electron density were of thg form 2

— F.. This figure was prepared with the program BOBSCRIPT.

regions undergo conformational changes relative to that seersite. For instance, what determines the specificity for guanine
in the apo structure. In addition, weak electron density was in the transferase reaction? Also, what is the relationship
observed in molecule C near the loop connecfirgheet 3 between the transferase and kinase active sites, if there is
anda-helix 3 (residues GR—Trp%%). Due to conformational ~ one? The apo structure for CobU suggested that a confor-
flexibility or multiple conformations, it was not possible to mational change would be required to bring the two sites
model some of these loops even though there appeared tdogether since the aminopropanol arm of adenosylcobinamide
be considerable positive electron density. Molecular averag-was not long enough to reach both active sites by merely
ing did not yield interpretable electron density, suggesting swinging between the two active sites.
the molecules may adopt slightly different conformationsin ~ As seen in the structure presented here, CobU undergoes
these areas. a significant conformational change when GMP, or more
Conformational Change upon Guanylylatidrhe original likely GTP, binds. This creates a binding site specific for
goal of this project was to determine the structure of the guanosine that is completely absent from the apo structure.
guanylyl intermediate. As discussed below the phosphor- Figure 5 depicts this conformational change in the trimer.
amidate bond is unstable and results in a complex of the The largest movement occurs drhelix 2. This helix tilts
enzyme with GMP. The crystal form used to determine the about 30 toward the cleft relative to the apo structure to
structure can only be obtained from CobU in the presence accommodate the nucleotide. The conformational change also
of GTP under conditions that yield the guanylyl intermediate. shortens the N-terminal region gfsheet 2 and significantly
This implies that the crystal lattice has trapped the overall lowersa-helix 2 by ~11 A. This movement ofi-helix 2 is
conformation of the guanylyl intermediate since the same responsible for reducing the distance between the P-loop and
crystal form cannot be obtained from CobU and GMP. The the putative site for guanylylation and hence the distance
structure of the enzyme bound to GMP was determined to between the kinase and transferase active sites. The confor-
address several questions concerning the transferase bindingnational change also reduces the width of the large cleft
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The binding of GTP, as seen in the GMP hydrolysis product
described here, induces a conformational change loélix
Trimer g 2 that accounts for a movement of 10 A of the transferase

/ : active site toward the P-loop. Even though there is a lack of
density for Hig, the position of thes-carbon would allow
the imidazole side chain to interact with tbephosphate of
GMP with a favorable geometry.

Transferase Binding SiteThe transferase reaction is
specific for GTP and occurs when GTP and a divalent cation
are incubated with CobU, even in the absence of a corrinoid
substrate. The current crystal structure exhibits electron
density for three guanine nucleotides, two molecules of GMP,
and one molecule of guanosine. As shown in Figures 6 and
7, the nucleotide is positioned in the anti conformation so
that thea-phosphate is fairly close to the P-loop with the
ribose ring and the guanine ring projecting away from the
kinase active site. In all subunits, the guanosine base is
sandwiched betweefi-strand 2 and the C-terminal end of
o-helix 2 wheres-strand 2 lies toward the distal edge of the
large parallefs-sheet that extends from the base of the P-loop
cleft. The binding of GMP disrupts hydrogen bonding
betweena-helix 2 and -strand 2 observed in the apo
structure and forcea-helix 2 toward the P-loop, partially
closing the cleft. The loop connectifiystrand 2 too-helix
2 is largely disordered in all three subunits, especially subunit
C where the structure is missing residues #&s{In*. The
variability in the observed order of this loop may be
correlated with crystal packing effects; however, the obvious
flexibility of this part of the protein may also reflect the
structural and energetic constraints imposed by induction of
Ficure 4: Ribbon representation of the CobU monomer with GMp  the GMP binding site. Clearly, the region of the protein
and phosphate bound. This figure was prepared with the programsurrounding Hi¢® has undergone both a folding and unfold-
MOLSCRIPT @6). ing transition to establish the transferase binding site. In the

apo structure, the C-terminal region surrounding *His
formed from the subunitsubunit interface, thus decreasing exhibits more conformational flexibility than the remainder
its total volume as seen in Figure 5. of the structure, whereas in the GMP complex, this region

Past studies have shown that guanylylation of the enzymeis much better defined. From thermodynamic considerations,
most likely proceeds through a phosphoramidate linkage to induction of a well-defined substrate binding site would be
His*® since this is the only conserved amino acid residue, entropically unfavorable such that the orédelisorder transi-
excluding of those found in the P-loop, that could undergo tion observed betweefi-strand 2 andx-helix 2 may help
such a modificationg, 10). Recent studies by Thomas and compensate for this effect.

Escalante (unpublished results) have shown that mutation Examination of the environment and hydrogen bonding
of His* removes 95% of the guanylylation. Preparation of network surrounding the purine ring reveals why the enzyme
the double mutant, H45A/H46A, completely abolishes guan- preferentially binds guanine nucleotides (Figure 7). As might
ylylation of the enzyme. In the current model, no density is be expected, there is a specific interaction with the 6-oxo
observed for the imidazole ring of Hfs however, the and 2-amino groups of the purine ring that would serve to
electron density for the main chain atoms is unequivocal. discriminate between GTP and ATP. There are small
Furthermore, the residues following Hisare well-defined differences in the manner in which the crystallographically
which restrict the position of this critical amino acid residue. independent subunits coordinate GMP. Depending on the
It would appear that the phosphoramidate bond td®ias subunit, the side chain of either Afgor Lys*” (of a-helix
been hydrolyzed and the structure presented is that of GMP2) hydrogen bonds to the 6-oxo group of the guanine ring.
bound after hydrolysis of GTP has occurred. Even with this Arg® is completely conserved in all CobU homologues,
lack of density, the position of H1§ which lies ino-helix whereas Ly¥ is either a lysine or arginine. In subunits B
2, undergoes a large movement as a consequence of bindingnd C, only Ar§® hydrogen bonds to the 6-oxo group of the
GTP. When the structures of apo-CobU and CaBMP are guanine ring. In all three molecules, the carboxyl side chain
superimposed, the gCof His* in the GMP complex has  of Glu®® hydrogen bonds with both the 2-amino group and
translated by two turns of the helix or about 11.4 A and the N1 atom of the guanine ring. S&which is positioned
moves toward the P-loop as shown in the comparison of theseat the C-terminal end gi-strand 2 near the disordered loop,
structures depicted in Figure 6. In the apo structure, the C interacts with both the guanine ring and the ribose ring. The
of His* is 15.8 A from the position of the phosphorus atom hydroxyl side chain of Sétinteracts with both the N3 atom
of the a-phosphate observed in the GMP complex, whereas of the guanine ring and thé-Rydroxyl group of the ribose

in the complex itself, thex-phosphate is only 5.4 A away. ring. In addition, the amide hydrogen of $ehydrogen
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a Subunit C b Subunit C

( Subunit A Subunit A

Ficure 5: Ribbon diagram of the CobU trimer: (a) the apo form of the enzyme and (b) the enzyme bound to GMP. The three subunits are
colored separately with the P-loop in yellow and with the putative active site histidin®YHgsa ball-and-stick representation. The arrow

in panel a indicates the direction of the large conformational change which occurs upon binding of GTP. The conformational change
shrinks the size of the cleft between two adjacent subunits and also brings together the transferase and kinase binding sites of an individual
subunit. This figure was prepared with the programs MOLSCRIPT and RASTERGL3Y).

Ficure 6: Ribbon representation of the helix shift associated with binding GMP where the structure in panel a is that without GMP and
the structure in panel b is that of CobU with GMP bound. The figure shows the spatial relationship between the P-loop (yellow) and the
transferase active site. Both structures have a phosphate molecule modeled into the P-loop. The position of the guatasirie fhe

apo structure was generated by superposition of the GMP structure with the apo structure. The distance fpcetotheo€Hig® to the

P, atom of the guanosine changes from 15.8 to 5.4 A due to a shiftudlix 2 when CobU binds GMP. This figure was prepared with

the programs MOLSCRIPT and RASTER3B6( 38).

bonds to the 2hydroxyl group of the ribose ring. The-3 Interestingly, the bond between @uand Cy$&' is a cis
hydroxyl group of the ribose ring interacts with both the peptide bond (as also observed in the apo structure), and its
carbonyl backbone of G¥iand the sulfhydryl side chain of  conformation is believed to be critical for both kinase and
Cys¥, although it would be difficult to claim a significant  transferase activity on the basis of preliminary mutational
hydrogen bonding contribution from this latter interaction. studies (M. G. Thomas and J. C. Escalante-Semerena,
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cases, this motif serves to bind tfie and y-phosphates of

To P-loop [R50 | a trinucleotide {3). In addition, the P-loop usually provides
<_ BERE > HERCR a side chain (Ser or Thr) that functions as a ligand to the
NHo N divalent cation which usually coordinates {heandy-phos-

phates. The enzymatic activity of these proteins is metal ion-
dependent where the role of the metal is both structural and
catalytic.

In CobU, there is a conserved P-loop motif located at the
N-terminus of the protein with the sequence GGARSGKS.
This motif has been implicated in the kinase reactia4).(

In the CobUGMP complex, there is a large peak in the

electron density located near the residues that make up the
P-loop as was observed in the apo structure. In subunits A
and B, this peak is consistent with a phosphate ion, whereas
in subunit C, density for a pyrophosphate moiety is observed.
It was anticipated that magnesium pyrophosphate would be

(]
c81 > OH
BecE :5332
BGsE observed in this region since the crystals were grown in the

presence of 5 mM magnesium pyrophosphate, a known
FiGURe 7: Ligand diagram of the amino acids of CobU which inhibitor of the kinase reaction (M. G. Thomas and J. C.

interact with the guanine and ribose rings. The letters with the . ; ; .
colored background in Figures 7 and 8 indicate the residue type Escalante-Semerena, unpublished results). Interestingly, mag

found in CobU homologues for that position. The residues from nesium pyrophosphate is observed only in subunit C, whereas

the specie€Escherichia coli Pseudomonas denitrifican®hodo- phosphate molecules are evident in the other two subunits,
bacter capsulatusandSynechocystisp. are depicted in red, blue,  although careful examination of the electron density suggests

yellow, and green, respectively. This figure was prepared with the there might be partiai occupancy of the magnesium pyro-
program MOLSCRIPT 36). phosphate moiety in these subunits. In all cases, the

. . hosphate moiety common to all subunits (P1) lies in the
preliminary results). The conformations of Gland Cy$§! Eositi%n observeéll for thg-phosphate in P-I(()op) enzymes
are essentially identical in both the apo and GMP complex 13

of CobU. As might be expected from the coordination of the
Arg® and Lys’ play a key role in the conformational  triphosphate moiety in other nucleotide-dependent enzymes
change since they become critical components of the guaningn this family (13), the amide hydrogens of the P-loop
binding site. In the apo structure, both Atgnd Lys” are  contribute several hydrogen bonds which hold the P1
disordered and solvent-exposed; however, when the enzymeyhosphate in a very strict conformation (Figure 8a). It would
binds guanosine, they hydrogen bond to the guanine ring. appear that the P1 phosphate site has a high affinity because
Arg> becomes buried in the guanine binding pocket, whereasof its presence in all three subunits, including the subunits
Ly547 remains close to the protein surface. The constellation of the apo structure, especia”y Considering that this anion
of interactions with guanine described above and in Figure was not explicitly included in the crystallization solution.
7 explains how the enzyme discriminates in favor of GTP. |n addition to the main chain hydrogen bonds of the P-loop,
Interestingly, ATP can also modify the enzyme but far less the side chains of Agand Sef°, which are not members of
efficiently (M. G. Thomas and J. C. Escalante-Semerena, the consensus sequence but are conserved in all CobU
manuscript in preparation). When CobU is modified by homologues, form hydrogen bonds with the P1 phosphate.
AMP, the enzyme is unable to proceed through the trans- The p2 phosphate of pyrophosphate lies in the same
fel’ase I’eaCtion and Sevel’e|y impaiI’S the kinase aCt|V|ty Th|S |Ocati0n as thq/_phosphate in Other nucieotide_dependent
suggests that the final orientation of thephosphate or the enzymes that utilize a P-loof.3, 25), although in this case
conformation of the nucleotide binding site when AMP is  comparatively few contacts with the P2 phosphate are made.
bound might be different. Conversely, it suggests that the This may account for the lack of pyrophosphate density in
specific conformational change brought on by formation of wo of the three subunits and may be related to the high
the GMP adduct may be required for the enzyme to transfer probability that the P-loop participates in both the kinase
GMP to adenosylcobinamide phosphate. Again, it must be and transferase reactions as discussed below (Figure 8b).
noted that CobU is absolutely specific for GTP in the  The final residue of the P-loop motif is usually a serine
transferase reaction and the reaction with ATP must be or threonine residue that in most cases provides a hydroxyl
considered a dead-end complex; ironically, the CakP ligand to the divalent metal ion. The metal ion is evident in
complex is much more stable than the guanylyl intermediat'e subunit C that coordinates a pyrophosphate anion. As
(M. G. Thomas and J. C. Escalante-Semerena, manuscripindicated in Figure 8a, Srinteracts with both the metal
in preparation). ion and the P1 phosphate. The hydrogen on the hydroxyl
Pyrophosphate and the P-Loog\ large number of side forms a hydrogen bond with one of the oxygens of the
nucleotide-dependent enzymes, including HPase, myosin,  P1 phosphate, whereas the lone pair electrons gn O
guanylate kinase, adenylate kinase, and RecA, utilize acoordinate the magnesium. In addition, the carboxyl group
phosphate binding motif commonly termed the P-1088) ( of GIu®, the residue that forms a cis peptide bond with®@ys
The consensus sequence for this motif is GXXXXGKT/S, contributes to the coordination of the magnesium ion.
and it is often used as a diagnostic tool for identifying Interestingly, the main chain carbonyl oxygen is hydrogen
nucleotide binding proteins in sequence databases. In mosbonded to the 2hydroxyl of the ribose ring. This interaction
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Ficure 8: Binding of pyrophosphate in subunit C. (a) Ligand diagram of the interactions which are formed wkgyrdpgosphate binds
to CobU. (b) Stereo ribbon diagram displaying the close relationship of GMP tpwlgphosphate. Residues Lyand Sel of the P-loop
and GI§° and Cy$§! of the cis peptide bond are shown as ball-and-stick representations. The side chain®® ah@idys! are positioned
between GMP and Mgyrophosphate. This figure was prepared with the program MOLSCR3B)T (

could not be formed if the peptide bond were to assume thebond is positioned between both the kinase and transferase
normal trans configuration and suggests that the cis peptideactive sites.

bo_nd is |mp0rtan_t for the catalytic e_ff|C|ency_ of the enzyme CONCLUSIONS

(Figure 8b). This would be consistent with the general o .
observation that nonprolyl cis peptide bonds are usually only ~From the structure presented here, it is evident that CobU

found when they provide a structural or catalytic advantage Undergoes a significant rearrangement whelix 2 to
to the protein 26). accommodate binding of a guanine nucleotide. The move-

) . ment of a-helix 2 translocates H§ (the putative guanyly-
The relationship between the pyrophosphate molecule 4o site)~10 A closer to the P-loop, significantly reducing
observed in subunit C and the guanine molecule bound in e gistance between the two active sites. This leads to the

the GMP binding pocket suggests that there is a chemicalhypothesis that the P-loop is utilized to bind the GTP
relationship between the kinase and transferase catalytic sitegybstrate in the first step of the transferase reaction that forms
as shown in Figure 8b. In subunit C, the P2 phosphate of the covalent guanylyl intermediate. From the position of the
pyrophosphate points toward the guanine molecule and ispyrophosphate in subunit C and the location of the guanine
located approximately 5.4 A from thé-6xygen of the ribose.  in the GMP binding site, it would appear likely that the
This suggests that the enzyme may utilize the P-loop to bind y-phosphate of the GTP may be coordinated by the P-loop
the y-phosphate of GTP during the loading reaction that during the transferase reaction. The relative position of the
forms the guanylyl intermediate. Strikingly, the cis peptide GMP binding site and the P-loop suggest that the phosphate
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of adenosylcobinamide phosphate should be located somesynthesis does not require the kinase activity, whereas the

where between the phosphate of GMP and the P2 phosphatéransferase activity is essential for cobalamin biosynthesis.

of the pyrophosphate molecule. Presumably during the kinaseThus, on the basis of need, it would seem that the transferase

reaction, the aminopropanol hydroxyl of adenosylcobinamide activity should have arisen before the kinase activity. Clearly,

will attack they-phosphate of ATP (or other nucleotide) as further biological and structural studies are needed to fully

it resides in the P2 position of pyrophosphate, by its analogy understand how the biosynthetic pathway observed today

to other nucleotide-dependent enzymes. In this position, theevolved.

phosphate now attached to adenosylcobinamide would be

ideally located for attack on the-phosphate of the guanylyl  ACKNOWLEDGMENT
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