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ABSTRACT. A subgene encoding the 87 C-terminal amino acids of the biotinyl carboxy carrier protein
(BCCP) from the acetyl CoA carboxylase Bicherichia coliwas overexpressed and the apoprotein
biotinylated in vitro. The structures of both the apo and holo forms of the biotinyl domain were determined
by means of multidimensional NMR spectroscopy. That of the holo domain was well-defined, except for
the 10 N-terminal residues, which form part of the flexible linker between the biotinyl and subunit-
binding domains of BCCP. In agreement with X-ray crystallographic studies [Athappilly, F. K., and
Hendrickson, W. A. (1995%tructure 31407-1419], the structure comprises a flatterteldarrel composed

of two four-strande@-sheets with a 2-fold axis of quasi-symmetry and the biotinyl-lysine residue displayed
in an exposed-turn on the side of the protein opposite from the N- and C-terminal residues. The biotin
group is immobilized on the protein surface, with the ureido ring held down by interactions with a protruding
polypeptide “thumb” formed by residues 9401. However, at the site of carboxylation, no evidence
could be found in solution for the predicted hydrogen bond between the main chain O of Thr94 and the
ureido H'Y'. The structure of the apo domain is essentially identical, although the packing of side chains
is more favorable in the holo domain, and this may be reflected in differences in the dynamics of the two
forms. The thumb region appears to be lacking in almost all other biotinyl domain sequences, and it may
be that the immobilization of the biotinyl-lysine residue in the biotinyl domain of BCCP is an unusual
requirement, needed for the catalytic reaction of acetyl CoA carboxylase.

Acetyl coenzyme A carboxylase (ACCYEC 6.4.1.2) homodimer of protein subunits each with a molecular mass
catalyzes the initial committed step in the de novo biosyn- of 49 kDa (1); the biotin carboxy carrier protein (BCCP), a
thesis of long-chain fatty acids through the carboxylation of homodimer 2) of polypeptide chains each of which contains
acetyl CoA to form malonyl CoA. The ACC enzyme 156 amino acids, as deduced from the DNA sequence of
complex fromEscherichia colican readily be resolved into  the corresponding gen&)( and carboxyl transferase (CT),
its three functional components: biotin carboxylase (BC), a ana,f3, heterotetramer ofi- and3-subunits with molecular
masses of 35 and 30 kDa, respectivdly4). The functional
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group 6). The carboxylated biotin then moves to the active MATERIALS AND METHODS
site of CT, where the carboxyl group is transferred to acetyl . o
CoA, to yield the product malonyl CoA. The biotinyl-lysine  Preparation of the Apo and Holo Forms of the Biotinyl
residue is located in the C-terminal region of the BCCP Domain Uniformly *3C- and**N-labeled and"*N-labeled
polypeptide chain, in an independently folded domain of Samples were prepared by expressing the biotin domain
about 80 amino acids which can be isolated in apo and holoSubgene from plasmid pTM53Y(in E. coli strain BL2ZUDE3
forms 6—8). in morpholinepropanesulfonate (MOPS) minimal medium
In many ways, therefore, the biotinyl domains of ACC (23). The medium contained either 0.14%]glucose and
and other biotin-dependent carboxylas&sdj resemble the ~ 9-5 MM *NH,CI as the sole carbon or nitrogen source for
lipoyl domains of 2-oxo acid dehydrogenase multienzyme the doubly labeled proteins or 0.35% glucose and 9.5 mM
complexes, in which a lipoyllysine residue helps to ferry *NH,Cl for the singly labeled proteins. Preliminary experi-
substrate between the three active sites represented in thes@ents showed that at these concentrations, the limiting
multifunctional proteins0—12). Structures of the 80-residue  isotopically labeled nutrients were exhawust8 h after
lipoyl domains from various 2-oxo acid dehydrogenase induction of protein expression, thus ensuring maximal
complexes have been determined by means of NMR Spec_incorporation of label. Expression of the domain in a strain
troscopy ((3—17) and found to consist of two four-stranded N Which biotin protein ligase is expressed from the coresident
B-sheets with a 2-fold axis of quasi-symmetry. The lipoyl- Plasmid pCY216 results in partial biotinylation in vivg)(
lysine residue is prominently displayed in a tighturn in Therefore, to avoid producing protein with a mixture of
the -sheet opposite that containing the N- and C-terminal iSOtopes in the blotlr_lyl moiety, the fe_rmentatlo_ns for isotopic
residues of the domain, and there is no evidence of a majorlabeling were carried out in strains carrying only the
conformational change accompanying post-translational at-chromosomal copy of the biotin ligase gene. This resulted
tachment of the ||poy| group, which is essentia”y free to in the pl‘OdUCtlon of greater than 99% of the domain in the
rotate on the surface of the protein. apo form (data not shown). To produce the holo domains,
Despite minimal amino acid sequence similaritg), the biotinylation was pe;rformed in vitro in cru_de cell lysates,
structure of the biotinyl domain was predicted to resemble Prepared as described by Chapman-Smith et @l. ity
that of the lipoyl domain19) and the determination of the ~addition of 3 mM ATP, 0.4 mM biotin, and a lysate from
structure of the biotinylated domain frof. coli ACC ~ Cells expressing biotin protein ligase from pCY21H.(
(residues 77156 of BCCP) by means of X-ray crystal- Unlabeled samples of apo and holo domains fiacoli
lography has borne out that predictio0). Again, the ACC were prepared, and all proteins were purified according
structure is that of a flattenggtbarrel comprising two four-  to the method of Chapman-Smith et &)). (Where necessary,
strandedB-sheets with a 2-fold axis of quasi-symmetry, and addltlonal'purlflca_tlon'Was carried out using a Supgrdex?S
the biotinyl-lysine residue displayed infaturn on the side ~ (Pharmacia) gel filtration column (2.6 cm 60 cm) with a
of the protein opposite from the N- and C-terminal residues. flow rate of 2 mL/min in 50 mM sodium MOPS (pH 7.2),
However, there is one striking and unexpected feature of 0-15 M NaCl, 0.1 mM EDTA, and 0.2 mM dithiothreitol.
the structure. The biotin group is localized on the protein  NMR SpectroscopyFor NMR spectroscopy, protein
surface, with the ureido ring rendered somewhat inaccessiblesamples with a concentration of approximately 3 mM were
and held down by interactions with a protruding protein made up in 20 mM sodium phosphate buffer (pH 6.8) and
“thumb” formed by residues 94101 @0). These interactions  90% H,0/10% 2H,O. The following experiments were
are highly specific, not the least being a hydrogen bond performed at 303 K as described either by Kraulis etl) (
between the main chain O of Thr94 and the ureidg H or in the original references. The two-dimensional (2D) DQF-
A structure of the apo form of the biotinyl domaih coli COSY, NOESY, P°N,'H]-HSQC, HNHB, J-modulated
ACC has been determined by means of NMR spectroscopy[*°N,H]-COSY, and{'H} —'°N heteronuclear NOE spectra
(21), and some slight differences between the holo and apowere acquired using a Bruker AM500 spectrometer. Spectra
forms of the domain were reported. However, the comparisonfrom the three-dimensional (3DPN-separated NOESY-
was drawn with the structure of the domain as determined HMQC, TOCSY-HMQC, and HNHA experiments, the 3D
by X-ray crystallography20), and a direct comparison of '°C-separated NOESY and HCCH-TOCSY experiments, the
the holo and apo forms based on the same structuralCBCANNH experiment, and the 2D [F1-C/N, F2-C/N]-
technique remained to be made. Moreover, the localization NOESY and [F2-C/N]-NOESY experiments were recorded
of the biotinyl-lysine swinging arm on the surface of the on a Bruker AMX600 spectrometer. All the data were
domain, as indicated in the X-ray structure, has implications processed using the AZARA software package (W. Boucher,
for the catalytic mechanism; it is essential to demonstrate unpublished) and analyzed with the program ANSIG 24 (
that it is not an artifact of the crystallization procedure. on Silicon Graphics Iris workstations. Both programs are
Indeed, it has recently been reported that there is noavailable by anonymous ftp to ftp.bio.cam.ac.uk in the
interaction between the biotinyl group and the protein in the directory ~ftp/pub. The heteronuclear NOEs were derived
1.3S subunit of the enzyme transcarboxylase fi@rapi- from peak intensities according to the definition of Noggle
onibacterium sherman(22). In this paper, we describe the and Schirmer 25). SequentialH and N chemical shift
determination of the solution structures of both the holo and assignments in the protein backbone were made for the holo
apo forms of the biotinyl domain d&. coli ACC by means domain using 2D DQF-COSY26) and 3D '*N-separated
of triple-resonance NMR spectroscopy and an investigation TOCSY-HMQC and NOESY-HMQCZ7) experiments. The
of the existence and strength of the hydrogen bond thoughtassignments were later confirmed for both the holo and apo
to involve the ureido M, the site of carboxylation of the  domains by 3D CBCANNH experiment2g). Aliphatic side
biotin ring. chain assignments were made using 3M-separated
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TOCSY-HMQC and **C-separated HCCH-TOCSY29) holo domain using 2D DQF-COSY and 3BN-separated
experiments by making reference to a high-resolution TOCSY-HMQC and NOESY-HMQC experiments. The
constant-time’fC,*H]-HSQC spectrum30). The unlabeled  assignments were later confirmed for both the holo and apo
biotin group was assigned using two isotope-filtered 2D domains by 3D CBCANNH experiments. Aliphatic side
experiments: [F1-C/N, F2-C/N]-NOESY and [F2-C/N]- chain assignments were made using 3#N-separated
NOESY 31). TOCSY-HMQC and*C-separated HCCH-TOCSY experi-

Structural Constraints and Structure Calculatioférough- ~ Ments by making reference to a high-resolution constant-
space nuclear Overhauser effect (NOE) connectivities weretime [C,'H]-HSQC spectrum. The unlabeled biotin group
obtained from 2D NOESY3?2), 3D **N-separated NOESY- ~ Wwas assigned using two isotope-filtered 2D experiments: [F1-
HMQC’ and 3D13C_separated NOESY:-;B, 34) Spectra_ C/N, FZ-C/N]-NOESY and [FZ'C/N]'NOESY Residues70 .
From these spectra, cross-peaks exhibiting strong, medium, 74 Yielded very weak amide signals because of rapid
and weak intensities were converted into distance restraintsexchange with the solvent; consequently, cross-peaks from
of 1.8-2.8, 1.8-3.5, and 1.85.0 A, respectively. Vicinal ~ these residues were left unassigned.
coupling constants between amide aHd spins £J,) were Determination of Structural Constraints-or the holo
determined by least-squares fitting to the intensities of cross-domain, 679 inter-residue NOEs were identified, including
peaks from a set of 2D-modulated TN,*H]-COSY experi- 23 NOEs to the biotin moiety. For the apo domain, 802 inter-
ments 85). Estimates of the backbone anglevere made residue connections were found. For the holo domain, vicinal
by reference to a Karplus curv8@). For the apo domain,  coupling constants between amide aHé spins 8Juy) were
backbonep angles were determined from a 3iN-separated ~ determined by least-squares fitting to the intensities of cross-
HNHA experiment 87). Using a combination of HNHB3g), peaks from a set of 2D-modulated PN, *H]-COSY experi-
15\-separated NOESY-HMQC, and TOCSHMQC spec- ments, permitting estimates of the backbone aggfer 30
tra of the holo domain, the most populatgdrotamer and  residues. For the apo domain, 27 backbgnangles were
stereospecific assignments éH/ resonances could be determined from a 30°N-separated HNHA experiment.
identified for 10 residues3@). Slowly exchanging amide ~ Using a combination of HNHB!*N-separated NOESY-
protons were identified by recording a series BN[*H]- HMQC, and TOCSY-HMQC spectra of the holo domain,
HSQC spectra 40, 41) of lyophilized protein samples the most populategs rotamer and stereospecific assignments
immediately after they had been redissolved 2,0. of *H# resonances could be determined for 10 residues; in
Structures were calculated from the NMR data using the addition,y: rotamer assignments were made for eight valine,
program X-PLOR 42), but with minor modifications to the ~ Six isoleucine, and three threonine residues. For the holo
files sa.inp and refine.inp from the X-PLOR 3.1 release (M. domain, a total of 51 slowly exchanging amide protons were
Nilges, personal communication). The computations were identified by recording a series ofN,'H]-HSQC spectra

performed starting from random initial structures and using On & lyophilized protein sample immediately after it had been
“sum” averaging with am~6 potential @3, 44) for all atoms. redissolved irtH,0; 31 of these were used in hydrogen bond

restraints in the final round of structure calculations. For the
apo domain, in similar experiments 45 amide protons were
found to exchange slowly, 30 of which were used as
Expression ané’N and**C Labeling of the Holo and Apo  hydrogen bond restraints.
Biotinyl Domains The biotinyl domain was expressed from  Structure CalculationsPreliminary structures for the holo
a subgene encoding the 87 C-terminal amino acids, residuesind apo domains were computed from simulated annealing
Met70-Glul56, of BCCP fronE. coli ACC. The biotiny- calculations using the program XPLOR 34ZX based on
lated lysine residue is at position 122. The protein was 1390 and 1732H—H distance restraints, respectively; these
expressed and purified as described in Materials and MethOdS{‘estraintS could be determined unambiguous|y from unique
to produce uniformly*C- and™N-labeled,"N-labeled, and  chemical shift information alone. These sets of initial
unlabeled apo and holo biotinyl domains. In all cases, the structures were used to assist in the selection of acceptor
biotinyl moiety was unlabeled (see Materials and Methods). Carbony| oxygen atoms for hydrogen bonds with the s|ow|y
Analysis of the purified protein samples by PAGE under exchanging backbone amide protons.
denaturing and nondenaturing conditio} ifdicated that For the holo domain, the final round of calculations used
the samples were homogeneous. The purity and identity ofgq constraint list comprising 1390 unambiguous distance
the proteins were confirmed by electrospray mass spectrom-restraints (of which 668 were intraresidue), 22 semiambigu-
etry and N-terminal sequencing, carried out as described byous distance restraintgz(), 30¢ and 27X1 dihedral ang|e
Chapman-Smith et al7]. The mass determined for theN restraints, and 31 hydrogen bonds. The selected ensemble is
holo biotinyl domain was 9662.7& 1.18 Da, within 0.6 displayed as a backbone trace in Figure 1a and contains 23
Da of the mass expected for uniforfN labeling (9663.4  structures (those with the lowest energies and no distance
Da). For the doubly labeled proteins, the masses determinedyiplations of >0.5 A) out of the 40 that were calculated.
were 9838.28t 0.73 and 10 064.7# 1.30 Da for the apo  For the apo domain, the final restraint list consisted of 1732
and holo forms, respectively, compared with masses of ynambiguous distance restraints (of which 842 were in-
9839.48 and 10 065.58 Da expected for unifé#and™N traresidue), 1% dihedral angle restraints, and 30 hydrogen
labeling with 98% isotopic abundance. The preparations of honds. Out of the 40 calculated structures, 20 converged
apo or holo protein were each free of the other form of the structures were selected for the final ensemble (Figure 1b).

RESULTS AND DISCUSSION

domain (data not shown).
NMR Assignment StrateggequentiatH and*>N chemical

The structures of both forms of the biotinyl domain are
well-defined, except for the first 10 amino acid residues at

shift assignments in the protein backbone were made for thethe N-terminus. Residues #J9 are genuinely flexible in
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Ficure 1: Structure of the biotinyl domain d&. coli BCCP. (a)
Superposition of backbone traces from the final ensemble of 23 C
solution structures of the holo biotinyl domain in blue, with the

crystal structure of the holo domain in red. (b) Superposition of
backbone traces from the final ensemble of 20 solution structures

of the apo domain in blue, with the crystal structure of the holo

domain in red. The biotinyl-lysine residue is at position 122 (BCCP
numbering). This figure was generated using the program MOL-

C*RMSD

SCRIPT 63). d o

D
solution, as judged by studies of the steady sfat§ —'°N E
heteronuclear Overhauser effedt'H} —°N NOE) (45), 2,

which probes the sub-nanosecond dynamics of backbone
amide sites (Figure 2a). The amino acid sequence up to
residue 79 represents part of the flexible interdomain linker
between the biotinyl and subunit-binding domains of BCCP,
whereas the polypeptide chain between residues 80 and 156

“W“II e O TR T I|I|' ]|

{"H}'°N NOE

is structured. Over residues 8156, the root-mean-square Apo-domain
deviation (rmsd) is 0.7% 0.19 A for the backbone ©atoms -1.5

in the holo domain ensemble, while the rmsd for all heavy 80 110 130 150
atoms is 1.23+ 0.21 A; over the restricted range between Residue number

residues 8695 and 106-156, the C rmsd is 0.64+ 0.12 ) - . .
A and the heavy atom rmsd is 1.430.15 A For the apo FIGURE 2: Structure parameters for the biotinyl domainEofcoli
. - : : BCCP. (a) Plot of the heteronuclefifH} —15N NOE vs residue
domain ensemble, the®Gmsd is 0.50+ 0.07 A between  number for the holo domain. (b) Plot of the crystallograjByactor
residues 80 and 156 and the heavy atom rmsd is @97 for C* atoms from the X-ray study of the holo domai20Q}. (c)
0.09 A The structures have good covalent geometry, asplot of the root-mean-square deviation of the backbof&tom

; . ; et positions from the average structure for the final ensemble of the
Jsuedeg?l'(;tt))l)é ';ROCHECKL(G)’ for a list of relevant statistics, holo domain. (d) Plot of the root-mean-square deviation of the

. . backbone €atom positions from the average structure for the final
Comparison of Solution and Crystal Structures of the Holo ensemble of the apo domain. (€) Plot of the heteronuglidy—

Domain A polypeptide fragment comprising residues—77 N NOE vs residue number for the apo domain.

156 released by proteolysis was used to determine the X-ray

crystal structure of the C-terminal domain of holo-BCCP of symmetry and a hairpin protrusion between residues 93

(20), in contrast to the longer 87-residue fragment encoded and 102 (see Figure 3a). The firtsheet is formed by

by a subgene studied here. The crystallograffactors strandsf32, 4, 5, and 37, while the second consists of

for residues 7780 are large (Figure 2b). Likewise, large strandspl, 33, 86, and 8. The elements of secondary

negative values of thg'H} —15N NOE (Figure 2a) show that  structure found in the X-ray study can also be identified in

the backbone amide sites of residues-79 are flexible on  the present experiments froll®, *3C%, and*3C# chemical

the sub-nanosecond time scaly)( Similarly, we do not shifts @8), patterns of short- and intermediate-range inter-

expect the additional N-terminal residues in the protein that residue NOES}J, couplings, and amide exchange ra#g) (

was used for the NMR experiments to contribute to any summarized in Figure 4a. Bulges are observed in strands

structural differences between the two systems. B4, 56, andB8, giving rise to strong M-HN NOEs between
The crystal and solution structures of the holo domain residues 115 and 116, 136 and 137, and 152 and 153; this is

overlay closely, the rmsd of the backbon& &oms being consistent with values of the torsion anglef around—45°

1.62+ 0.16 A over residues 80156 and 1.47+ 0.09 A for residues 115, 136, and 152 in the crystal struct&@. (

over the restricted range of residues-8% and 106-156. When the °N,*H]-HSQC spectrum of the holo domain

A residue-by-residue comparison of backbone r@sds was recorded after replacing thi,O solvent with?H,0,

(Figure 2c¢) and crystallographigfactors (Figure 2b) shows 53 peaks remained. Six of these were weak enough to

that the NMR ensemble is not as well defined in the surface- disappear after 30 min, leaving 47 peaks from residues that

exposed thumb formed by residues-9®0. The same region  were substantially protected from solvent exchange. Out of

also exhibits increaseB-factors in the X-ray data. Both these 47 peaks, 26 could be matched to the same hydrogen

structures consist of two sets of four antiparafiestrands bond donof-acceptor pairs identified in the crystal structure,

in the form of a cappe@-sandwich with a quasi-dyad axis but one hydrogen bond donor assigned from the crystal



Biotinyl Domain of Acetyl CoA Carboxylase Biochemistry, Vol. 38, No. 16, 199%049

Table 1: Structural Statistics for the Final Ensembles of Refined Structures of the Holo and Apo Forms of the Biotinyl Doaioliof
BCCP

Root-Mean-Square Deviations from Restraints and Idealized Geometry

holo apo
BAR (SA)a” BAB (SA)ie?
NOE distances (A) 0.01% 0.005 0.008 0.018& 0.003 0.015
dihedral angles (deg) 0.920.61 1.1 0.65+ 0.72 1.4
bonds (A) 0.001% 0.0001 0.0010 0.0014 0.0001 0.0013
angles (deg) 0.3#0.15 0.37 0.39: 0.01 0.38
impropers (deg) 0.09-0.01 0.01 0.12£ 0.01 0.11
size of ensemble 23/40 20/40
final energyE, —; (kd/mol) —507.1+98.3 —421.7 —241.0+ 88.7 —273.6
Assessment of Backbone Quality According to the Ramachandran Plot

holo apo
most favored region 51.2% 53.6% 40.5% 48.59%
additionally allowed region 41.2% 40.0% 53.4% 45.6%

a Represents the average root-mean-square deviation for the enseRépeesents the values for the final structure that is closest to the mean.
¢ Represents the values for all the structures in the ensemble.

ascribed to the amide proton of residue 122 disappeared
within the 5 min dead time of the solvent exchange
experiment, suggesting that the K12¥-HO? E119 hydro-
gen bond may be an artifact of the crystal environment. In
agreement with the X-ray structure, both strafi@sandg7

are bracketed by two type Il turns and, as found in a previous
NMR study of an apo domair2(), there is g5-turn between
residues 96 and 99 which is difficult to classify because of
the exposure to the solvent. The buried hydrophobic core of
the domain is formed by the side chains of residues V83,
S85, F91, 1103, V109, L115, C116, 1117, V118, A129, V135,
V146, L152, V153, V154, and 1155, which all have a
fractional surface are®) of less than 0.30, in accord with
the crystal structure.

As in the X-ray structure20), the biotin prosthetic group
FiGure 3: Schematic representations of the structure of the biotinyl is well-defined in the NMR ensemble (Figure 1a); the heavy
of the holo domain, In fhe same arentation a5 the enembie showrg 'S f1ave a rmsd of 0.04 0.45 A. The biotinyl lysine
o) , . . . . . .
in Figure 1a, showing the biotinyl prosthetic group (attached to S'de_ chain (K,122) IS not.freely moving, be_lng restrained _by
K122) at the top left, the protruding thumb in yellow, and the the interatomic connections summarized in Table 2, which
B-strands numbered and coded from red at the N-terminus to indigo include contacts with five residues in the protruding hairpin.
at the C-terminus. (b) Representation of the solution structure of |n the NMR ensemble, the biotin moiety possesses a
the holo domain, with black spheres marking the locations of atoms {4 ctional surface area of 0.47, lying on the surface of the
that display significant changes in chemical shift between the apo . . .
and holo forms. The color coding is like that in panel a. This figure domain and protecting the backbone NH protons of residues
was generated using the program MOLSCRIB3)( T94 and S96 from exchange with the solvent. The proton
chemical shifts of the biotinyl group in the holo domain differ
structure (H81 M) appears to exchange too rapidly to be substantially from those measured in both free biotin and
detected in the first exchange experiment. Two donors from the biotinyl moiety of the 1.3S subunit of transcarboxylase
the X-ray structure (T90 Mand L139 H') seem to match (22, the largest changes being located on the face that makes
up to different acceptor partners in the NMR ensemble contact with the domain. In the crystal structure of the ACC
(V1180 and P1510 instead of E1190 and L1520, respec- biotinyl domain, the side chain and main chain oxygen atoms
tively). New hydrogen bond acceptors could be identified of T94 were shown to form hydrogen bonds with the ureido
for a further five H' donors, leaving 14 amides for which O? carbonyl and N amide atoms of biocytin, respectively
suitable acceptors could not be identified; these sites are(20). However, in our deuterium exchange experiments,
protected from exchange because they are buried by thesignals from both the ¥ and H'¥ amide protons of the
tertiary fold of the protein. biotinyl moiety disappeared within 5 min of replacing the
Athappilly and Hendrickson20Q) noted that the biotiny-  H,O solvent with BO. The exchange rate of ™M is thus
lated lysine is located at a typeHairpin turn between strands  not retarded several orders of magnitude, as might be
B4 and 5, which is stabilized by three hydrogen bonds: expected in the case of protection by a strong hydrogen bond
A120 HN---O M123, K122 H'---O? E119, and M123 M- between N and T94 O. Saturation transfer experiments (data
-«O A120. The observed pattern of NOEs supports the not shown) indicate that the exchange rates ¥f eind H'®
classification of thes-turn, as retarded fdexchange rates  are in fact similar to those found in free biotin and the holo
were found for A120 N and M123 H, indicating that these ~ 1.3S domain of transcarboxylase (22), suggesting that a
residues are indeed hydrogen bond donors. The signalstrong hydrogen bond between theé &tom and T94 O does
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Ficure 4: Summary of the data used in the secondary structure determination of the biotinyl donfaicaifBCCP. (a) Amino acid
sequence and summary of the amide proton exchange dafacoupling constants, sequential NOEs, arfdlsgcondary shifts used in
determining the secondary structure of the holo domainkkgfilled boxes indicate amide sites not fully exchanged after 5 n@j 3J,y

<5 Hz, (x) 5Hz < 3J,n < 8 Hz, and Q) 3J.n > 8 Hz. For NOEsS, the height of the bar indicates the strength of the NOE (strong, medium,
or weak). The biotinyl-lysine is at position 122. (b) Summary of secondary structure data for the apo domain.

Table 2: Weak NOEs from the Biotin Moiety and K122 Observed In the NMR ensemble, it appears t_hat the hairpin between
in NOESY Experiments for the Holo but Not for the Apo Form of ~ Strands34 andf5 adopts an orientation different from that
the Biotinyl Domain ofE. coli BCCP* found in the X-ray structure. There is a superhelical twist
HNL—y QD HP23 H4—1117 H2 defined by NOEs observed between the side chaih H
HNY—YQ2 Ho1/02 Hba/sh—y g2 Ho1/02 protons of N125 and the backbone amide proton and methyl
H “T94H H=-Y92 H group of A120; these atoms are separated by more than 7 A
ENTI‘;’S? m Ew;l?flﬁ 2 in the crystal structure. Corresponding connections were also
HNY_pg7 H3 H52-1117 HPL encountered in the previous NMR study of an apo domain
HVW'—S96 H: Ho—1117 H* by Yao et al. 21), as well as in our apo domain structure,
H —Yo2 H ™ e K122 1 discussed below. In contrast with the conclusion of Yao et
:L;QZHQM H K122 H al. (21), we find that the ureido ring of the biotinyl moiety
H2—YQ2 Helk2 K122 Hi—M124 H is still able to interact with the thumb formed by the residues
H3—Y92 HoLo2 K122 H23—M124 HN R93—F102 when thgg4— /5 hairpin is twisted, as illustrated
H3—Y92 Hetlez K122 H205-M124 H by the contacts listed in Table 2.
H3—P95 H: K122 HN—A120 HY , .
H4—Y 92 HoLo2 K122 Hi—E119 H2/63 Comparison of Solution Structures of Holo and Apo
H4—Y92 Helle2 K122 H—E119 H?73 Domains The solution structures of holo and apo biotinyl
aThe nomenclature for the biotin moiety is taken from 2&f domains determined in this work are very similar (Figure

1a,b). An overlay of the structures that are closest to the
not exist in solution. In addition, the T94”Gs more than mean from each ensemble gives a backbohesd of 1.29

5 A from the ureido @ atom in the solution structure, also A over residues 80156. There is clearly no major change
making this hydrogen bond unlikely. in conformation of the domain that accompanies post-
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translational modification, as was found also for the lipoyl 0.5 r r
domains of 2-oxo acid dehydrogenase compled&. (As b
shown in Figure 2d, the apo domain ensemble has less ' '
variation in the exposed hairpin between R93 and F102. The !
apo domain structure differs a little more from the crystal .
structure 20) of the holo domain, possessing backborte C :
rmsds of 1.89+ 0.08 A between residues 80 and 156 and
1.63+ 0.07 A over the sections comprising residues-80
95 and 106-156. This may be compared with the work of
Yao et al. 1), whose superposition of the backbone heavy
atoms of their solution structure for the apo domain with
the X-ray structure of the holo domain afforded an average
rmsd of 1.21 A between residues 80 and 156. Ftstrands
identified in our ensemble are shown in Figure 4b; bulges
similar to those found in the holo domain solution structure €
(see above) are found in stranf4, 56, and38 between
residues 115 and 116, 136 and 137, and 152 and 153,
respectively. In agreement with Yao et a1}, our apo
domain structure shows the same superhelical twist of the
p4—[F5 hairpin; however, we were able to detect some
through-space connections predicted from the crystal struc- d
ture of the holo domain that were not present in their NOESY
spectra, for example, the weak NOE between A120aHd
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Of the 45 protected backbone sites identified in our . : v

deuterium exchange experiment for the apo domain, 29 could -0.5 — ' '

be matched to the same hydrogen bond demaceptor pairs 0 20 40 60 80

identified in the crystal structure of the holo domain, Residue number

including T90 H' and L139 H. In contrast with their be-  Fgure 5: Chemical shift differences between the holo and apo
havior in the holo domain, the amide protons of residues forms of the biotinyl domain of. coli BCCP plotted vs residue
T94, S96, and A99 exchanged rapidly in the apo domain; number: (a) backbone and side chain amide proton sites, (b)
these sites are no longer protected from the solvent once theé?@ckbone and side chain amide nitrogen sites4€} and side
prosthetic group has been removed. chain carbon sites, and (#)* and residual side chain proton sites.
Chemical shift differences between the holo and apo forms
of the biotinyl domain are summarized fi4, 1N, and*3C
nuclei in Figure 5. In all, 37 sites were found to have
chemical shift changes that are more than two standard

deviations from the mean. All of these correspond to regions relaxation parameters (R. W. Broadhurst and D. Nietlispach,

of the protein that are in close proximity to the biotinyl group . ) )
(Figure 3b), with most lying in two clusters: residues close _unpubhshed work). We found several backbone amide sites

to K122, to which the prosthetic group is covalently attached,; n lthe ttwot regtl_oni con?dered tq tI,Ie tr;:ghly ?usc%pnblezr;ci
and others in the protruding hairpin between residues Y92 Z%g/en Zal\bljgllon ranster, especially tnose ot residues k
and F102. Small chemical shift changes were also evident™ " an ' o ]
in the nearby turn between strang&andp7. Such localized Yao et al. 1) also reported that multiple interactions
changes in chemical shift confirm that significant changes Petween the ureido ring of the biotinyl group and the residues
in the electronic environment are confined to nuclei that are in the protuding thumb confer a strained conformation on
close to the biotinyl group and that there is no substantial the biotinyl-lysine turn, which does not exist in the apo
change in the structure of the protein domain on post- domain. We see no clear evidence of this.
translational modification. Relationship to Biological Actity. The solution structure
The steady stat¢'H} —1°N NOE values for the holo  for the biotinyl domain of the BCCP d&. coli acetyl CoA
domain and apo domain, presented in panels a and e ofcarboxylase described above is in excellent agreement with
Figure 2, respectively, show large negative values from the the crystal structure of the same protein determined elsewhere
N-terminus up to residue 80. Beyond this, the mean values (20) in almost all respects. In particular, the biotinyl-lysine
of the NOE are—0.24 + 0.03 and—0.23 &+ 0.05 for the side chain is not freely moving on the surface of the protein,
holo and apo domain, respectively, both of which are close but is localized by interactions with the protein, chiefly with
to the expected theoretical value of0.25 for backbone  the projecting thumb region formed by residues-3980. It
amide sites with no significant contribution to relaxation from is now clear that this cannot be an artifact of the crystal-
sub-nanosecond internal motiond7). This last result lization conditions but is a property of the native protein in
contradicts the work of Yao et aR{), who found evidence  solution. It stands in marked contrast with the biotinyl-lysine
of rapid internal motion for several residues in the protruding residue in the 1.3S subunit of transcarboxylase friem
thumb (S96-A99) and the biotin-binding turn (K122A129) shermanij for which no evidence of strong proteiiviotin
in experiments carried out at pH 7.5 and*Za At high pH, interactions was found with NMR spectrosco@2). Amino

when exchange of amide protons with the solvent can be
very rapid and solvent magnetization transfer can have large
effects, modifications 45) are necessary to ensure the
accuracy of all the experiments needed to meadbxe
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acid sequence alignments [see, for example, Samols et aladvanced as a possible advantage to be conferred by a
(9)] indicate that the thumb region is an insertion in the multienzyme system5(/). In the case of thé. shermanii
coli BCCP domain and other bacterial ACCs, and is lacking transcarboxylase, it has been proposed from an NMR study
in almost all other biotinyl domains, including that from the that the distance between the two subsites of substrate
P. shermaniitranscarboxylase. Thus, it may be that the carboxylation may be as short as 0.7 nB8)( a figure
localization of the biotinyl-lysine residue in the BCCP protein consistent with an X-ray study of biotin derivatives which
is an unusual event, with a particular requirement in the ACC showed that a simple intramolecular rotation about two single
reaction. bonds of carboxybiotin could alter the position of thé N
One interesting difference between the crysgd) (and carboxylate carbon by 0.69 nnb9). However, it would
solution structures for the holo form of the ACC biotinyl appear that not all the evidence supports this vigdy. (\With
domain is the lack of a strong hydrogen bond between the the biotinyl domain ofE. coli BCCP, there is no obvious
main chain oxygen atom of T94 and the ureidt'Fatom reason the biotinyl-lysine residue should be constrained
of the biotinyl group, as judged by deuterium exchange before its carboxylation by the BC subunit of ACC and the
experiments (see above). This amide nitrogen is the site ofcarboxylated biotin is stableés(61). These considerations
carboxylation of the biotin by the BC component of ACC, make it important now to determine the structure of the
and our results indicate that no strong hydrogen bond needscarboxylated form of the holo domain.
to be broken to achieve this, although it would appear that In the 2-oxo acid dehydrogenase complexes, attachment
the biotinyl group must be displaced from the surface of the of the lipoyl group to the lipoyl domain is essential for it to
domain for carboxylation to occur. act as an effective substrate for reductive acylation by the
An intriguing question is how the particular lysine residue E1 (2-oxo acid decarboxylase) compondai/Kn, raised by
in the biotinyl domain is selected for post-translational a factor of 18); moreover, the domain confers specificity
modification. This reaction is catalyzed by a biotinyl protein for reductive acylation by only the partner E32f. Similar
ligase, the 3D structure of which ifE. coli has been considerations apply to the biotinyl group in most biotin-
determined by X-ray crystallographys?). It has been  dependent carboxylases; i.e., free biotin is a poor substrate
demonstrated that the highly conserved MKM sequence for carboxylation §). One of the few exceptions . coli
housing the target lysine residue is not necessary but thatACC, which may point to the unexpected localization of the
correct positioning of the lysine in the protrudipgturn is biotinyl-lysine swinging arm on its biotinyl domain. The
essential §3). Likewise, the biotinyl protein ligase must be  structures of the holo and apo forms of the biotinyl domain
able to distinguish the biotinyl domain from the structurally will clearly serve as an important starting point for under-
homologous lipoyl domains of 2-oxo acid dehydrogenase standing these and the other fundamental questions about
complexes to avoid aberrant modification. The determination the mode of action of biotin-dependent carboxylases and the
of the 3D structure of the apo form of the doma®i;(above mechanistic parts played by their swinging arms.
work) should aid in understanding the protejrotein
interactions with the ligase that make this possible. However, ACKNOWLEDGMENT
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