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ABSTRACT. The X-ray structure of adenosylcobinamide kinase/adenosylcobinamide phosphate guanylyl-
transferase (CobU) froBalmonella typhimuriurhas been determined to 2.3 A resolution. This enzyme

of subunit molecular weight 19 770 plays a central role in the assembly of the nucleotide loop for
adenosylcobalamin where it catalyzes both the phosphorylation of the 1-amino-2-propanol side chain of
the corrin ring and the subsequent attachment of GMP to form the product adenosylcobinamide-GDP.
The kinase activity is believed to be associated with a P-loop motif, whereas the transferase activity
proceeds at a different site on the enzyme via a guanylyl intermediate. The enzyme was crystallized in
the space grou222 with unit cell dimensions of = 96.4 A b = 114.4 A, andc = 106.7 A, with

three subunits per asymmetric unit. The structure reveals that the enzyme is a molecular trimer and
appears somewhat like a propeller with overall molecular dimensions of approximatelyx6a787 x

131 A. Each subunit consists of a single domain that is dominated by a seven-strandegb+sinest
flanked on either side by a total of five-helices and one helical turn. Six of the sey&strands run
parallel. The C-terminal strand lies at the edge of the sheet and runs antiparallel to the others. Interestingly,
CobU displays a remarkable structural and topological similarity to the central domain of the RecA protein,
although the reason for this observation is unclear. The structure contains a P-loop motif located at the
base of a prominent cleft formed by the association of two subunits and is most likely the kinase active
site. Each subunit of CobU contains a cis peptide bond betweel &id Cy8! where GI§° faces the

P-loop and might serve to coordinate the magnesium ion of the triphosphate substrate. Interestingly,
His*, which is the putative site for guanylylation, lie21 A from the P-loop and is solvent-exposed.

This suggests that the enzyme undergoes a conformational change when the substrates bind to bring these
two active sites into closer proximity.

Cobalamin represents one of the most complex organic of the nucleotide loop. 1$. typhimuriunfour enzymes have
cofactors to be employed in living systertl§. Although been identified in the biosynthesis of the nucleotide loop after
many aspects of its biosynthetic pathway have been definedthe adenosylation step. These are the proteins corresponding
there is still much to be learned about the structure and to the genesobT, cobC cobU, andcobS The genetic and
mechanism of the enzymes involved in this remarkable biochemical properties of these enzymes have been partially
process. Most of the current information regarding the characterized4, 5).
biosynthesis of cobalamin has been derived from experiments Nucleotide loop assembly consists of attaching a phos-
with the bacterial system&seudomonas denitrificarend phate, a ribose sugar, and 5,6-dimethylbenzimidazole to the
Salmonella typhimurium(2—5) where the biosynthetic  aminopropyl arm of adenosylcobinamide (Figure 1). There
pathway is typically broken down into three components: are three parts to this process: synthesisogafibazole,

(i) synthesis of the corrin ring, (ii) attachment of the upper activation of the adenosylcobinamide, and coupling of

5'-deoxyadenosine ligand to the cobalt ion, and (iii) synthesis adenosyl cobinamide with-ribazole. Synthesis af-riba-

of the lower 5,6-dimethylbenzimidazole ligand and assembly zole is accomplished by the successive action of CobT and
CobC, where CobT transfers the phosphoribosyl group of
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Ficure 1: Schematic representation of that part of the cobalamin

biosynthetic pathway responsible for nucleotide loop assembly in

S. typhimurium
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ylcobinamide and if there is any relationship between its
structure and the cobalamin binding sites in methylmalonyl-
CoA mutase 18, 19) and methionine synthasgq), whose
structures are now known.

A structural study of CobU was initiated to provide
answers to the questions outlined above. We report here
the structure of the native enzyme to 2.3 A resolution which
shows that the molecule is a molecular trimer and that the
putative sites for the kinase and transferase activity are
separated by over 21 A. This information poses further
guestions about how CobU accommodates both activities.

EXPERIMENTAL PROCEDURES

Protein Purification The protein was purified in a manner
similar to that described beford@. Briefly, CobU was
overexpressed in strain JE3207. All purification procedures
were carried out at 4C. Approximately 25 g of cells was
resuspended in 0.1 M Tris-HCI, pH 8.0 af@, containing
10% (v/v) glycerol, 10 mM dithiothreitol (DTT},1 mM
ethylenediaminetetracactetic acid (EDTA), and 1 mM phen-
ylmethanesulfonyl fluoride and disrupted by sonication.
Cellular debris was removed by centrifugation at 43pfad
1 h. Finely ground Ultrapure ammonium sulfate was added
to the cell-free extract to 9.6% saturation and clarified by
centrifugation. The resulting supernatant was loaded onto

protein in this pathway and has been shown to be ana 35 mL bed volume phenyl-Sepharose CL-4B column
adenosylcobinamide kinase/adenosylcobinamide phosphatgSigma) equilibrated with 0.1 M Tris-HCI, pH 8.0, containing
guanylyltransferase and has thus two distinct enzymatic 10% (v/v) glycerol, 10 mM DTT, and 9.6% (saturation)
activities @, 11, 10). The enzyme contains 180 amino acid ammonium sulfate. The column was washed with 2 bed
residues with a total molecular weight of 19 7B). (Despite  volumes of the equilibration buffer. CobU was eluted with
its small size, this remarkable enzyme catalyzes both theQ.1 M Tris-HCI, pH 8.0, containing 10 mM DTT and stored
phosphorylation of the 1-amino-2-propanol side chain of overnight under oxygen-free ;N Thereafter dye ligand
adenosylcobinamide and the attachment of GMP to adenosyl-chromatography was used to remove impurities from the
cobinamide phosphate to generate adenosylcobinamide-GDRyrotein. MgCh was added to a final concentration of 5 mM,
(11, 10). Interestingly, the kinase activity can utilize either and the fractions containing CobU were passed through a
ATP or GTP, whereas the transferase clearly shows a20 mL bed volume column of Cibacron Blue type 3GA
preference for GTP. Durinde nao synthesis of the corrin  (Sigma) equilibrated with 0.1 M Tris-HCI, pH 8.0, containing
ring it has been proposed that only the guanylyltransferase10 mM DTT and 5 mM MgGJ. CobU was recovered from
activity of CobU is needed for assembly of the nucleotide  the flowthrough and the first bed volume of the wash buffer
loop (12). Hence, the kinase activity of CobU appears to (0.1 M Tris-HCI, pH 8.0, containing 10 mM DTT and 5 mM
be needed for the assimilation of unphosphorylated cobina-MgCl,). The resultant protein was analyzed by SEFAGE
mide from the environment. stained with Coomassie Blue and was estimated to be 90%
In addition to CobU, there are only three other known pure as judged by densitometry. The protein was concen-
guanylyltransferases that have been presently identified: (i)trated in a Centriprep-10 and dialyzed against 10 mM

MRNA capping enzymel@3—15), (i) mannose-1-phosphate
guanylyltransferasel@), and (iii) GTP:GTP guanylyltrans-
ferase fromArtemia(17). There is no sequence similarity

HEPES, pH 7.5, containing 100 mM NaCl and 10 mM DTT.
Typically 150 mg of protein was obtained from25 g of
cells.

between CobU and either the mRNA capping enzyme or the  Crystallization and X-ray Data Collection Crystals
mannose-1-phosphate guanylyltransferase. Indeed, there igmployed for the structural investigation of the native form
very little sequence similarity between CobU and any other of CobU were grown by microbatch from 6% poly(ethylene
enzyme known at this time except between equivalent glycol) 3350, 200 mM NacCl, and 50 mM succinate, pH 5.5,
proteins in other organisms. at 4°C at a protein concentration of8 mg/mL. Crystals
Biochemical data suggest the guanylyltransferase activity grew spontaneously or were microseeded and achieved sizes
of CobU proceeds through a enzym@MP intermediate and  of 0.8 mmx 0.8 mmx 0.3 mm in 14-21 days. Precession
the site for guanylylation is most likely a histidingQj. Since photography revealed that the crystals belonged to the space
CobU requires GTP for the transferase activity and can utilize group C222, with unit cell dimensions ot = 96.4 A,b =
either ATP or GTP for the kinase activity, presumably there 114.4 A andc = 106.7 A. The crystal lattice contains one
must be two separate binding sites for these nucleotides andrimer per asymmetric unit with a solvent content of 50%.
hence two active sites. Thus CobU presents several interestDiffraction maxima were observed to a resolution of 2.1 A.
ing questions, foremost of which is how does such a small

enzyme encompass two distinct enzymatic activities? In 1 appreviations: DTT, dithiothreitol; EDTA, ethylenediaminetetra-
addition it is unknown how this enzyme coordinates adenos- acetic acid; PEG, poly(ethylene glycol); rms, root-mean-square.
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Table 1: Data Collection Statistics and Heavy Atom Refinement Statistics

nativet Au(CN)2 ReODADSATP IrClgP
concn (mM) 0.5 5.0 25
length of soak (days) 1 1 3
number of crystals 2 2 1 2
resolution (A) 2.3 25 2.7 2.7
averagd/o 16.0 (1.7) 15.4(1.7) 6.9 (1.4) 13.0(1.7)
unique reflections 24 136 19577 13 267 13163
redundancy 3.0(1.9) 4.3 (2.7) 1.5(1.3) 4.1(3.1)
completeness (%) 88.5 (64.4) 91.5 (63.9) 87.1(68.4) 96.9 (90.3)
Riergé 4.3(21.0) 4.6 (29.5) 7.9 (29.3) 5.5
Risod 13.3 34.8 18.4
number of sites 3 3 3
Reuiiis® 64 66 64
phasing poweér 1.07 (0.86) 0.91 (1.06) 1.24 (1.13)
figure of merit 0.57 (0.42)

abThe values in parentheses are from resolution shells of- 230 and 2.782.70 A, respectively® Rnerge= Y[|In| — [In]}/ Tnilni(100), where
I andly are the intensities of individual and mean structure factoRs, = 3[|Fnl — |Fnl)/3nFn(100), whereF, andF, are the heavy atom and
native structure factor$.Reuiis = Y [|Fn — Fnl — [Fnd)/ Y |Fn — Fal(100), where the summation is carried out over the centric data BagndF,
are the observed heavy atom derivative and native structure factorgpaisdthe calculated structure for the heavy atoms albiibe phasing
power is defined as the mean value of the heavy atom structure factor divided by the lack-of-closure error.

For X-ray data collection and preparation of heavy atom Table 2: Least-Squares Refinement Statidtics

Qerivatives, Fh(_e crystals were transferred to a synthetic mother resolution limits (A) 20.6-2.30
liquor consisting of 12% PEG 3350, 400 mM sodium FinalRfactoP 19.8
chloride and 50 mM succinate at pH 5.5. Crystals were  number of reflections used 26 109
stable for at least 2 weeks in the synthetic mother liquor, ~ NuUmber of protein atoms 41l
" number of solvent molecules 208
_but were extremely sensitive to pH such that all attempts o 4ner molecules, ions 3 phosphate ions
increase the pH were unsuccessful. averageB values (&)

X-ray data were collected to 2.3 A resolution-at0 °C main-chain atoms 42.8
with a Siemens HiStar area detector at a crystal to detector a”lpmte'” atoms 46.9
distance of 14 cm. Cu & radiation was generated by a soventatoms ‘deali 259

IS : g y weightedrms deviations from ideality
Rigaku RU200 X-ray generator operated at 50 kV and 90 bond lengths (A) 0.005
mA and equipped with Siemens 8 focusing optics. bond angles (deg) 2.07
Diffraction data frames of width 0.25were recorded for planarity (trigonal) (A) 0.004
6090 s. The frames were pr d with XD8, (22 planarity (others) (%) 0.005
S. € lrames were processe .(22) torsional angle(deg) 18.5

and internally scaled with XCALIBRE 2(3). Table 1
displays the diffraction data statistics for the native and heavy
atom derivative data.

Structural Determination The three-dimensional structure
of CobU was determined by the technique of multiple coefficient between the symmetry-related electron density
isomorphous replacemer_lt with three _heavy atom derivatives(25). The local 3-fold rotational axis was used to improve
prepared by soaking native crystals in solutions of 0.5 MM ¢ quality of the subsequent electron density map by cyclical
AU(CN), 2.'5 mM KzerI?" or_5.0 mM 2,3’-ReO.DADSATP. molecular averaging with the algorithm of Bricogrs). A
3;23 n:hs\;!gm'n'g{fn g(teazlt\(/eattj\r/]?vev;l;fy Svm;hrzstﬁ:crjhgr{iuljna!gz self-rotation function was not utilized to detect the orientation
. ' 4 " of the local 3-fold axis since it was believed at the start of
is chelated by linker attached to either tHeo? 3 oxygen the i tigation that th tei dimeri
of the ribose. The heavy atom binding sites were located € investigation that the protein was dimeric.
from difference Patterson maps and placed on a common on the basis of the “averaged” electron density map
origin by appropriate difference Fourier maps. The statistics c5|cylated to 2.7 A resolution, a molecular model for one
for th(_e derivative data collection and heavy atom refinement ¢,y nit of the trimer was built. This model was expanded
are given in Table 1. The correct han_d of the he_avy atom 1 the unit cell and subjected to numerous cycles of manual
constellation was chosen on the basis of the sign of the ., building with the software FRODQT) and least-
anomalous signal in the heavy atom derivatives. The . . !
occupancies and positions of all heavy atom sites were Sduares refinement with the program TN2BJ. During the

early stages of the model building the heavy atom phases

refined with the program HEAVY Z24). Relevant phase i . . "
calculation statist?cs %re located inZT;ble 1. P were combined with model phases with SIGMAA weighting

Visual inspection of the heavy atom positions for each (29 The currenR-factor is 19.8% for all measured X-ray
derivative suggested that they were related by a local 3-fold data from 30 to 2.3 A with root-mean-square deviations from
axis of symmetry that was also evident in preliminary ‘ideal” geometry of 0.015 A for bond lengths, 2.for bond
electron density maps. This revealed that the quaternaryangles, and 0.004 A for groups of atoms expected to be
structure of CobU was trimeric. The transformation matrixes coplanar. Refinement statistics are given in Table 2. A
relating the three subunits to each other were derived with representative portion of the electron density map is shown
the program MUNCHKINS, which examines the correlation in Figure 2a.

aTNT refinement? R= 3 [|Fo| — k|F||/Z|Fo|. ¢ No restraints were
placed on torsional angles during refinement.
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b

c)
FIGURE 2: Stereoview of (a) a representative portion of the electron density that includes the cis peptide bond between re¥idunes Glu
Cy<1in subunit 1 where the map was contoured at approximatelgrid was calculated with coefficients of the forf,2- F., (b) the
difference electron density for the cis peptide bond calculated from coefficients of theFprmF., where Glu86-11e82 were omitted
from the refinement and phase calculation, and (c) an expanded view of the hydrogen-bonding pattern surrounding this cis peptide bond.
This figure was prepared with the programs MOLDED and MOLSCRI®F §9).

RESULTS AND DISCUSSION ordered except for region between Aland Al&2 of subunit
3 that was modeled at 50% occupancy with a break at’Lys
The final model for the CobU trimer contains 539 residues This section of subunit 3 appears to adopt multiple confor-
and 208 water molecules. The electron density is well- mations. In addition the electron density for the side chains
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Ficure 3: Stereo ribbon representation of one subunit of CobU where the P-loop is depicted in yellow. This figure and Figures 4, 6, and

7 were prepared with the program MOLSCRIPSBY,

of residues Astt in subunit 1 and Argf in all three subunits
was disordered beyond tffecarbon; these residues and were
modeled as alanines.

The rms differences in the positions of thecarbons when
the three independent subunits were superimposed were 0.4

0.52, and 0.46 A between subunits 1 and 2, 1 and 3, and ofive a-

Tertiary Structure The molecular architecture of the
CobU subunit consists of a single domain with overall
dimensions of approximately 41 & 48 A x 48 A (Figure
3). As can be seen, the structure is dominated by a seven-

1Stranded mixeg-sheet flanked on either side by a total of

helices and one helical turn. These helices range in

and 3, respectively. The respective rotational angles arelength from approximately 9 amino acid residues for the first

121.3, 118.5, and 120.2.

During the refinement it was observed that chirality of
Cy<*tin all subunits attempted to change. Examination of
the electron density, conformational angles, and hydrogen-
bonding patterns surrounding this amino acid residue sug-
gested that the peptide bond between residue$®Giud
Cys*! adopts the cis configuration (Figure 2b,c). Once
modeled in this state the refinement proceeded readily. Non-
prolyl cis peptide bonds are rare in proteir89,(31) and
usually function to orient residues for ligand binding or
catalysis 82). The cis peptide bond in CobU is found at the
connection betweengstrand and an-helix and is located
opposite to the P-loop. This might provide an explanation
for this configuration since it serves to orient the side chains
of both GI#° and Cy#&! in the kinase active site. Indeed,
the carboxylate group of Gillis hydrogen-bonded to
of Sef of the P-loop. Both Sétand Gli§° are in a position
where they might be expected to be involved in coordinating
the divalent cation associated with the nucleotide; however,
this conjecture can only be proven by determining the
structure of CobU in the presence of nucleotides.

In addition to the protein and water molecules some form
of polyvalent ion (most likely a phosphate or sulfate ion) is
coordinated at half occupancy by the P-loop of each subunit.
Although neither sulfate nor phosphate was included in any
of the crystallization solutions, these ions are common
contaminants of poly(ethylene glycol33). These ions are
close to the position typically occupied by tfigohosphate
of the triphosphate moiety in enzymes that utilize a P-loop
to coordinate the nucleotid@4).

o-helix at the N-terminus to about 20 amino acid residues
for the lasto-helix. Six of the sevep-strands run parallel.
The C-terminalg-strand lies at the edge of the sheet and
runs antiparallel to the others. The structure and topology
of CobU is different from the cobalamin binding domains
in either in methylmalonyl-CoA mutasd § 19) and me-
thionine synthase 20). As expected from amino acid
sequence analyses, the CobU subunit contains a P-loop, or
phosphate binding loop, defined by M&b Gly?L. This type

of structural motif has been observed in many of nucleotide-
dependent enzymes such as ATP synth&te 36), the
G-proteins 87, 38), and myosin subfragment 3, 34) and
serves to properly position the triphosphate moiety of the
nucleotide. Interestingly, the topology of CobU is identical
to the central domain of the RecA protein which also contains
a P-loop and binds ATP4(Q, 41).

The quaternary structure of CobU is trimeric, rather than
dimeric as originally reported1(Q), where the molecule
appears somewhat propellerlike with overall molecular
dimensions of approximately 64 A 77 A x 131 A (Figure
4). This aggregation state is supported by equilibrium
centrifugation studies that also show that the molecule is
trimeric in solution (M. G. Thomas and J. C. Escalante-
Semerena, unpublished results). The location of the P-loop
is indicated in Figure 4. Although little is known about the
location of the binding site for adenosylcobinamide or
adenosylcobinamide phosphate, the shape of the molecule
suggests that the binding site lies in the deep groove formed
by the intersection of two adjacent subunits.

The subunit-subunit contacts of the trimer are formed
primarily by three sections of the polypeptide chain: residues
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interactions will be formed by the nucleoside and the protein
in its present conformation. These observations are also
consistent with the demonstration that pyrophosphate is an
inhibitor of the enzyme activity (M. G. Thomas and J. C.
Escalante-Semerena, unpublished results).

As noted under Experimental Procedures, a rheriaimP
compound was utilized to prepare a heavy derivative in this
structure determination. The final coordinates for CobU
were used as a phasing model for the derivative data set.
After refinement, this showed that the rhenium binding site
was located approximately 16 A from the P-loop; however,
no electron density could be observed for the ATP moiety.
Thus is unclear if the compound bound specifically to the
nucleotide binding site or at some other adventitious location.
Although this proved to be a successful derivative, it provides
no information concerning the nucleotide binding site.

The guanylyltransferase activity proceeds via a covalent
enzyme-guanylyl intermediate that forms in the absence of
F 4: Ribb tation of th ‘ ruct fth a cobinamide substratd@. By analogy with most other
copU thimear v%@vfgrgsspoii:ggtgly sa?;ﬁe?r{(‘)a%es local 301 Nucleotide transferases, it is anticipated that the guanylylation

rotational axis. This reveals the location of the P-loop and®is ©Of the enzyme would occur at a histidine side Cha4|4,(
that are the putative locations of the kinase and guanylyltransferase45), although the guanylyltransfer in the mRNA capping

active sites. enzyme proceeds via a guanylyllysine intermediaf 46).
_ Amino acid sequence comparisons of CobU with analogous
Ala® to Gly™, Glu'* to approximately 11&°, and Asp>?to proteins fromE. coli, P. denitrificans Rhodobacter capsu-

the C-terminus. Interestingly, Métfrom each subunit abuts  |atus and Synechocystisp. indicate that there is only one
the 3-fold axis in a symmetric hydrophobic interaction. The conserved histidine in the sequence, namelyHi€on-
hydrogen-bonding pattern between one subunit and itsyersely there are no conserved lysines except for that located
neighbors is very similar for all subunits, as would be in the P-loop, which would be unlikely to participate in a
anticipated from a 3-fold relationship between them. The guanylylation reaction on account of its highly polar environ-
total buried surface area of the trimerigl800 & or about ment @5), which supports the proposed argument thatHis
1600 A/subunit. This represents17% of the surface area s the site of guanylylation. The conserved histidine lies at
of the monomer, which is typical for a trimeric enzyme of the end of ar-helix and is solvent-exposed (Figure 4) and
this magnitude 42). is not associated with any obvious structural features that
Nucleotide Binding SitesAs noted previously, CobU has  might provide specificity for the guanylyl moiety. This is
two distinct enzymatic activities: kinase and guanylyltrans- in great contrast to the uridylyl binding site in galactose-1-
ferase. On account of the great preference for GTP in the phosphate uridylyltransferase, where the orientation and
transferase reaction and limited nucleotide specificity for the position of the histidine that forms the phosphoramidate
kinase reaction, it is presumed that these nucleotides bind aintermediate is highly constrained by the protein tertiary
different places on the enzyme. It appears likely that the structure 45). In addition, there is an obvious specificity
kinase activity is associated with the P-loop since this motif pocket for the pyrimidine in galactose-1 phosphate uridy-
is commonly used for phosphoryl transfer reactions and lyltransferase. This suggests that CobU undergoes a con-
because the guanylyltranferase activity proceeds via aformational change prior to or during formation of the
covalent intermediate. The later would be inconsistent with guanylyl intermediate in order to provide specificity for GTP.
the function of the P-loop. Interestingly, the P-loop and the conserved histidine lie
It has been observed that the kinase activity for the enzyme21 A apart and are located on opposite sides of the large
from S. typhimuriumcan utilize a variety of nucleotides cleft formed by the juxtaposition of adjacent subunits in the
including ATP and GTP10). Inthe equivalent enzyme from  trimer (Figure 4). On account of the small size of the protein
P. denitrificansg(CobP), competition experiments have shown it seems reasonable that both enzyme activities utilize the
that the preferred nucleotide is ATP rather than GTP even same binding site for the corrin ring. If this is true, then the
though the kinase activity was activated by the presence ofaminopropanol linker must swing or rotate from the kinase
GTP @3). The situation for CobU appears to be similar since active site to the guanylylation site. Even if the aminopro-
guanylylation of this enzyme also stimulates the kinase panol linker does rotate in the active site it would appear
activity (10); however, preference for the nucleotide was not that the protein must also undergo a conformational change
determined. Together, the preliminary kinetic and structural when cobinamide binds or after guanylylation in order to
evidence suggests that the major determinant for the kinasebring the two active sites into closer proximity since in the
activity lies in the triphosphate segment of the nucleotide native structure they are separated by more than twice the
rather than the base. At present it is unknown how the length of the linker. Conformational flexibility that serves
nucleotide binds to the P-loop; however, in comparison to to keep an enzymatic intermediate associated with a multi-
other nucleotide binding proteins such as myosin, adenylateenzyme complex has been suggested to occur in large
kinase, or RecA protein (described below), the nucleotide complex protein systems, for example, in both acetyl-
binding pocket is very open, which suggests that few coenzyme A carboxylase and pyruvate dehydrogenase, for
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similarity as detected with the program BLAST®). These

are CobU fromEscherichia coli(V33333), CobP fronP.
denitrificans (P29931), VbpT protein fronRhodobacter
capsulatus(246611), and an undesignated protein from
Synechocystisp. (D64000)§0—53). The proteins fronk.

coli, P. denitrificans R. capsulatusand Synechocystisp.
share 82.2%, 42.7%, 52.2%, and 38.6% sequence identity,
respectively, as shown by the sequence alignment in Figure
5. The locations of these identical residues mapped onto
the structure of CobU (Figure 6) reveals that many of them
are located surrounding the P-loop or are located on one face
of the deep groove formed by the interface of the subunits.
Since many of these conserved residues are solvent-exposed,
this suggests that they serve a functional role and are most
likely associated with substrate recognition. Of the con-
served buried residues, the motif G1%X-Gly3%, where X

is a methionine in CobU and a hydrophobic residue in all
others, is of interest. This motif is located adjacent to the
3-fold axis where the methionines form a stacking interaction
across the axis as noted earlier. Glycine residues are required
in this location to allow the three chains to approach each
other close to the axis and facilitate the interaction between

FIGURE 5: Sequence comparison of proteins showing significant the hydrophobic residues. The conformational anghesn(
sequence homology to CobU. The secondary structure for CobU ) for Gly'3” and GIy*° are—106" and 22 and—114° and

is superimposed above the comparison. The sequences indicated-164°, respectively, which are best suited to glycine
as S.t, E.c, P.d, R.c, and S. correspond to the sequences fron}esidues.

Salmonella typhimuriugrEscherichia coli P. denitrificans Rhodo-
bacter capsulatysand Synechocystisp., respectively. The com- Relationship between CobU and RecA Prote8urpris-
pletely conserved amino acids residues are highlighted in gray. Theingly, the RecA protein is the only protein at the present
gll(%%Tent was calculated with the GCG program package, version time in the Brookhaven Protein Data Bank, Accession
' Numbers 2REB and 1REA4, 41), that shares a structural
which some structural information is availabk7(48). An  and topological similarity to CobU as determined with the
alternative explanation for the distance between the P-loopprogram DEJAVU §5). The structural similarity between
and the conserved histidine might be that cobinamide andthese proteins is shown in Figure 7 whereas the topological
cobinamide phosphate might bind to the enzyme in different relationship is shown in Figure 8. As can be seen, CobU is
orientations in order to place the aminopropanol linker in remarkably similar to the central section of the RecA protein
proximity to the respective nucleotide. This latter possibility starting after the P-loop in both structures. The rms
seems somewhat unlikely on account of the small size of difference between 57 structurally equivalentarbon atoms
the enzyme. in both structures is 1.23 A as derived with the algorithm of
Relationship between CobU and Homologous Enzymes Argos and Rossmani§). There is no significant sequence
Examination of the GenBank database with the sequence ofsimilarity between these proteins except for the residues
CobU reveals four other sequences that exhibit significant associated with the phosphate binding loop.

Ficure 6: Stereoview of the location of the conserved residues mapped onto the tertiary structure of CobU. The P-loops are depicted in
black.
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FiGure 7: Structural comparison between CobU and RecA protein. (a, top) Stereo overlap of a CobU monomer and RecA protein. The
longer loop in RecA protein between residues 228 and 240, which would interfere with trimer formation in CobU, is depicted in green. (b,
bottom) Stereo overlap of RecA onto a single subunit of the CobU trimer where the P-loop of CobU is depicted in yellow. The proteins
were aligned with the program OVRLAPBG).

RecA protein is considerably larger than CobU, where in RecA places restraints on the likely position of the
there are approximately 61 and 100 extra amino acid residuesy-phosphate in CobU and hence on the direction of attack
at the N- and C-termini, respectively, relative to CobU. In of the aminopropanol group that becomes phosphorylated.
the central section of the RecA protein the lengths of the In turn this places restraints on the likely binding sites for
helices and connecting loops are quite similar to those foundthe corrinoid. Together these considerations suggest that a
in CobU. There is one notable difference in the loop that conformational change must occur when nucleotide and/or
connects the last two strands in CobU. In the RecA protein cobinamide binds to the enzyme.

the structurally equivalent loop that joins tiflestrands is The meaning of the similarity between CobU and RecA
fairly long and is formed by 13 amino acid residues (228  protein is unclear. There is no obvious relationship between
240). Conversely, in CobU the corresponding connection the reactions that these proteins catalyze except that they
is made by a hairpin turn built from three amino acid poth utilize ATP. Even here there are differences, since with
residues. This difference arises because the loop in CobUregca hydrolysis of ATP is involved in driving DNA strand
abuts a 3-fold related subunit such that a longer loop could exchange %7), whereas CobU functions as a kinase. The
not be accommodated in this position without a substantial ghyious structural similarity between these proteins suggests
change in the structure of the protein (Figure 7b). Interest- that they might have evolved from a common ancestor,
ingly, the N- and C-terminal extensions of RecA protein ajthough it is hard to suggest what the initial function of
relative to CobU are oriented away from the subusitbunit that protein might have been. Conversely, these proteins

interfaces in CobU (Figure 7b). _ _ might represent an example of the same fold originating
The similarity between CobU and RecA protein provides \yithin two primordial proteins of different function.

some insight into the kinase binding site. Superposition of

ADP bound to RecA proteind4Q) onto CobU shows, as CONCLUSIONS

mentioned earlier, that the active site for CobU is very open,

such that there are very few contacts between the protein The structure of adenosylcobinamide kinase/adenosylco-
and the substrate. The orientation of the diphosphate moietybinamide phosphate guanylyltransferase presented here an-
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kinase and transferase activities independently because of
their influence on each other. The current structure provides

guidance on how to distinguish between the two enzymatic

activities by site-directed mutagenesis. The structure also
indicates that the nature of the cobinamide binding site and

the communication between the two active sites can only

be understood by further structural analyses. These inves-
tigations are in progress.
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protein.

swers some of the questions concerning the architecture of
the enzyme and disposition of its putative enzyme activities.
Interestingly, CobU does not share any structural similarity
with the cobalamin binding domains of either methylmalonyl-
CoA mutase 18, 19) or methionine synthase(), which

was expected since the chemistry of CobU is associated with
the aminopropanol side chain rather than the central cobalt
atom of the corrin ring as with the latter two enzymes. The
structure of CobU reveals that the molecule is a molecular
trimer where the putative kinase and transferase active sites
are located in a deep groove formed by the association of 10.
two neighboring subunits. Although the position of the
binding site for the corrin ring is unknown, it seems likely 11
that the binding site is associated with this deep groove. This 1
conjecture is supported by the numerous highly conserved =
amino acid residues that line the exposed surfaces of this 13,
structural feature. If it is assumed that the enzyme has only
one binding site for adenosylcobinamide, the observed 21 14.
A separation between the putative kinase and guanylyltrans- 15
ferase sites requires that the protein undergo a conformational =™
change during catalysis in order to bring these sites closer 1g.
together. This would be necessary since the phosphate group
added to the aminopropyl arm of the cobinamide by the 17.
kinase activity carries out a nucleophilic attack on the
enzyme-guanylyl intermediate to generate adenosylcobina-
mide-GDP. The aminopropyl arm is too short to simply
rotate from one site to the other without a conformational
change. Earlier kinetic studies of CobU and its homologue
in P. denitrificansdemonstrated that guanylylation of the
enzyme activates the kinase si8(10), which cannot be
explained by the present structure unless a conformational
change is invoked during the formation of the nucleotidyl
intermediate. Thus far it has been difficult to study the

6.
7.

18.

19.

20.

21.
22.
23.

preliminary crystallization experiments.
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