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ABSTRACT:. The biotin carboxyl carrier protein (BCCP) is a subunit of acetyl-CoA carboxylase, a biotin-
dependent enzyme that catalyzes the first committed step of fatty acid biosynthesis. In its functional
cycle the biotin carboxyl carrier protein engages in heterologous propeotein interactions with three
distinct partners, depending on its state of posttranslational modification. Apo-BCCP interacts specifically
with the biotin holoenzyme synthetase, BirA, which results in the posttranslational attachment of biotin
to an essential lysine residue on BCCP. Holo-BCCP then interacts with the biotin carboxylase subunit,
which leads to the addition of the carboxylate group of bicarbonate to biotin. Finally, the carboxybioti-
nylated form of BCCP interacts with transcarboxylase in the conversion of acetyl-CoA to malonyl-CoA.
The determinants of proteirprotein interaction specificity in this system are unknown. One hypothesis

is that posttranslational modification of BCCP may result in conformational changes that regulate specific
protein—protein interactions. To test this hypothesis, we have determined the NMR solution structure of
the unbiotinylated form of an 87 residue C-terminal domain fragment of BCCP (apoBCCP87) from
Escherichia coliacetyl-CoA carboxylase and compared this structure with the high-resolution structure
of the biotinylated form that was recently solved by X-ray crystallographic techniques. Although the
overall folding of the two proteins is highly similar, small structural differences are apparent for residues
of the biotin-binding loop that may be important for mediating specific pretpiotein interactions.

The biotin-dependent carboxylases are a class of enzymes BCCP + biotin +ATP
found in organisms across the evolutionary spectrum. These .. holoenzyme synthetase Malonyl-CoA
enzymes catalyze reactions of fundamental metabolic sig- AMP + PP, 0 )
nificance involving transfer of carboxylate to a variety of ATP + HCO5: BCCP-biotin o et —con
substrates (Knowles, 1989). In these two step reactions the g, carboxytase Transcarboxylase
carboxyl moiety of a donor, usually bicarbonate, is first ?
incorporated into the biotin cofactor in the enzyme and ADP + Py BCCP -biotin-COy’ CHi:etCyl_(SO?

subsequently transferred to a second substrate. An example _ _
of this class of reactions is the transfer of £®om Ficure 1: Schematic representation of the three heterologous

. protein—protein interactions in which the biotin carboxyl carrier
bicarbonate to acetyl-CoA to produce malonyl-CoA, the protein (BCCP) participates in the functional cycle of acetyl-CoA

reaction that constitutes the first committed step in fatty acid carboxylase. The BCCP subunit s first posttranslationally modified
biosynthesis. This reaction, which is shown schematically in the reaction catalyzed by the biotin holoenzyme synthetase.

in Figure 1, is catalyzed by the enzyme acetyl-CoA car- Interaction of the biotinylated BCCP with biotin carboxylase results
boxylase. in carboxylation of the biotin moiety. Finally, interaction of carboxy-

Like all biotin-d dent boxvl tvl-CoA biotinylated BCCP with transcarboxylase results in transfer of the
IKe all biolin-depenadent carboxylases, acetyl-LoA car- carboxylate group to acetyl-CoA to yield malonyl-CoA.

boxylase requires three functional components to catalyze

the conversion of acetyl-CoA to malonyl-CoA (Alberts &  of 50 kDa (Li & Cronan, 1992b; Dimroth et al., 1970). The
Vagelos, 1972). These include the biotin carboxyl carrier, transcarboxylase activity is encoded in two polypeptide
which carries the biotin moiety; biotin carboxylase, which hains that are 30 and 35 kDa (Guchhait et al., 1974; Li &
catalyzes the initial carboxylation of the biotin moiety; and Cronan, 1992b). The stoichiometry of the polypeptide chains
transcarboxylase, which catalyzes the transfer of the CO i, the assembled enzyme is not known.

moiety from biotin to acetyl-CoA (Alberts & Vagelos, 1972). In the functional cycle of acetyl-CoA carboxylase, the

In the Esc_:her!cma collenzym.e these three aciivities are piotin carboxyl carrier protein (BCCPparticipates in three
encoded in distinct polypeptide components. The biotin

carboxyl carrier protein is a polypeptide of approximately
17 kDa (Li & Cronan, 1992a) and the biotin carboxylase 1 Abbreviations: BCCP, biotin carboxyl carrier protein; BHS, biotin

N . . holoenzyme synthetase; 2D, two-dimensional; 3D, three-dimensional;
activity is encoded by a polypeptide with a molecular mass HSQC, heteronuclear single quantum coherence spectroscopy; NOESY,

nuclear Overhauser effect spectroscopy; TOCSY, total correlation
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heterologous proteinprotein interactions. First, it serves
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techniques, with small differences observed in ghéurn

as the substrate in the biotin ligation reaction catalyzed by that contains the lysine residue that is modified in the biotin

the biotin holoenzyme synthetase (BHS), in which the
cofactor is linked to a specific lysine residue of apoBCCP.
Second, in its biotinylated form, holoBCCP interacts with
the biotin carboxylase subunit in the incorporation of O
into the ureido group of the biotin ring system. Finally the
carboxylated holo carrier protein interacts with transcar-
boxylase in the reaction in which the @QOnoiety is
transferred to acetyl-CoA to yield malonyl-CoA.

Selective BHS-catalyzed posttranslational addition of
biotin to a single lysine residue of apoBCCP occurs in two
steps, in which the biotin is first activated via formation of
an adenylate derivative and is then transferred te-theino
group of the lysine residue (Lane et al., 1964). The biotin
ligation reaction is highly specific and i&. coli only the
BCCP subunit of acetyl-CoA carboxylase is biotinylated
(Fall, 1979). Elucidation of the determinants of specificity
in the biotinylation of apoBCCP as well as the structural
basis for interaction of holoBCCP with the biotin carboxylase

ligation reaction. (Athappilly & Hendrickson, 1995). The
backbone dynamics of the protein, determined 1By
relaxation NMR spectroscopy, indicate that in the absence
of biotin modification there is significant conformational
flexibility in the biocytin-containing loop, as well as the
“protruding thumb” with which the biotin moiety is observed
to interact in the holoprotein.

MATERIALS AND METHODS

Protein Expression, Purification, and Characterization.
ApoBCCP87 was overexpressed from plasmid pTM5B.in
coli strain BL2UDES, generously provided by Dr. John
Cronan, Jr., and purified as described previously (Nenortas
& Beckett, 1996). 5N labeling of BCCP87 was achieved
by expression in M9 minimal medium containing 0.1% (w/
v) N-ammonium chloride and 0.1 mg/mL ampicillin, and
supplemented with 0.05% (w/v) thiamin hydrochloride,
0.01% (w/v) each biotin, choline chloride, folic acid,

and transcarboxylase requires knowledge of the three-niacinamidep-pantothenate, and pyridoxal, 0.001% (w/v)
dimensional structures of all of the participants in these riboflavin, 1% (w/v) glucose, 0.002 M magnesium sulfate,
reactions. Some progress has already been made in thi©.0001 M calcium chloride, and X 10° M each zinc

effort. The structures of thé&. coli biotin holoenzyme

sulfate, cupric sulfate, ferric chloride, and manganese sulfate.

synthetase (BirA) and the biotin carboxylase have been Cells were grown in three stages at 37. A 5 mL starter

solved by X-ray crystallographic techniques (Wilson et al.,
1992; Waldrop et al., 1994). More recently, the crystal
structure of the biotinylated (or holo) form of a carboxy-

terminal domain fragment of BCCP (BCCPsc) was deter-

mined at 1.8 A resolution (Athappilly & Hendrickson, 1995).
The apo form of BCCP is the significant species in the

culture that was incubated f@ h was used to inoculate a
250 mL culture. After an 8-h incubation, this second culture
was equally divided into four portions and added to four
2-L volumes of medium. The final cultures were grown to
an optical density at 600 nm of 1.0. Expression was induced
by addition of isopropyp-p-thiogalactoside to 0.5 mM and

biotin ligation reaction and its structure is, therefore, relevant allowed to proceed fo4 h prior to harvesting the cells.

to elucidating structurefunction relationships in specific

Protein purification was carried out as previously described

biotinylation catalyzed by the BHS. It is, furthermore, of (Nenortas & Beckett, 1996). The molecular mass of purified
interest to determine if any structural changes occur as aapoBCCP87 determined by MALDI-TOFMS agreed with the
consequence of biotinylation of the subunit. Biotinyl sequence-calculated molecular mass of the apo form. The
domains have been shown to bear sequence and structuractivity of apoBCCP87 in the BirA-catalyzed transfer of
homology to the lipoyl domains of lipoic acid-dependent biotin was measured by a stoichiometric fluorescence fitration
enzymes (Lim et al., 1988; Brocklehurst & Perham, 1993; (Nenortas & Beckett, 1996). A stoichiometry of 1:1 for
Dardel et al., 1993). In this regard, high-resolution structures BCCP87 with the BirA-bio—5'-AMP complex indicated that
of the lipoyl domains fronBacillus stearothermophiluand the purified apoBCCP87 was fully active in the biotin transfer
E. coli pyruvate dehydrogenase multienzyme complexes havereaction.
been determined by NMR spectroscopy (Dardel et al., 1993; Nuclear Magnetic Resonance Spectroscofamples
Green et al., 1995), and the structure of the lipoate-containing(1.0—2.0 mM) for NMR were prepared in either 95%®/
or H-protein of the glycine decarboxylase from pea leaves 5% D,O or D;O, containing 100 mM KCI, 2.5 mM MgG]|
has been solved by X-ray crystallography (Pares et al., 1994).and 10 mM phosphate buffer (pH 7.5 and 6.2). NMR data
Comparison of 2D NMR spectra obtained from samples of were collected with General Electric Omega PSG (599.71
the lipoated and unlipoated forms of the domain from the MHz, H) with the sample maintained at 2%C. All
B. stearothermophilupyruvate dehydrogenase led to the experiments were collected with sample at pH 7.5, except
conclusion that no structural changes occur upon conversionthat 2D NOESY experiments were collected at both pH 7.5
of the apolipoyl domain to the holo form (Dardel et al., and 6.2, in an effort to identify fast-exchanging amide
1991). Unfortunately, three-dimensional structural informa- protons. Two-dimensional NOESY data were collected with
tion is only available for the unlipoated form of the domain a 150 ms mixing time without presaturation. The 2D
(Dardel et al., 1993). There is, furthermore, no system for homonuclear HartmanrrHahn (HOHAHA) spectrum was
which both structures of the lipoated and unlipoated forms collected using a 76 ms MLEV-17 spithock duration. In
of any lipoyl domain are available. both experiments, water suppression for samples in water
In this work we have utilized multidimensional nuclear was achieved using WATERGATE read pulses prior to
magnetic resonance spectroscopy to determine a high-acquisition (Piotto et al., 1992). DQF-COSY spectra were
resolution three-dimensional structure of the unbiotinylated collected with continuous wave solvent presaturation fol-
form of an 87 residue C-terminal domain fragment of the lowed by a Scuba pulse train of 40 ms. Two-dimensional
biotin carboxyl carrier protein fronE. coli acetyl-CoA ROESY data (Bothner-by et al., 1984) were obtained with a
carboxylase. The structure of the apoprotein is very similar 65 ms spir-lock field of 6 kHz. All of these 2D experiments
to that of the holoprotein, solved by X-ray crystallographic were also collected with samples in,@ without water
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suppression. For some experiments the initial sampling delay NMR spectra were processed with Silicon Graphics
was set to half the; dwell period to eliminate baseline computers using the FELIX software package (versions 95.0;
distortions in theF1l dimension (Marion & Bax, 1989; Biosym/Molecular Simulations, San Diego, CA). The 2D
Marion et al.,, 1989a). In many cases, alternate-block NOESY, TOCSY, and COSY spectra were processed using
acquisition mode was utilized to minimize noise. 70°-shifted squared sine bell filtering ita and 60-shifted
Two-dimensional 'lH—5N HSQC and 3D 5N-edited squared sine bell II‘[]1 Th_e 2DH-1N H'SQC spectrum
NOESY-HSQC and5N-edited TOCSY data were acquired WaS processed using Séhlfted sq_uared sine bell in both
with the uniformly 15N-labeled apoBCCP87 sample (95% i_)”dtz_ Three-dimensionafN -edited NOESY-HSQC and
H,0/5% D,0), using water flip-back (Grzesiek & Bax, 1993) N-edited TOCSY were processed using-80ifted squared
and field gradient pulses (Piotto et al., 1992) to suppress theSin€ bell on initial 1024 real points i3, which becamle5512
water signal without saturation. The initi#N evolution €@l points after data reduction. Fgrandt,, the 3D™N-
period F2) in 2D HSQC and 3D NOESY-HSQC were set edited NOESY-HSQC data were doubled by mirror-image

to half the dwell time in order to remove baseline distortions Néar prediction int,. Data were apodized i andt, by
(Bax et al., 1991; Zhu et al., 1993). WALTZ-16 (Shaka et 60°- and 70-shifted squared sine bell, respectively, and zero-

; ; filled to 512 and 128 real data points, respectively. Three-
al., 1983) modulation was used to decouptsl during . e , ) i
acquisition. A mixing time of 150 ms was used for the 3D dimensional>N-edited TOCSY data were linear-predicted

15N-edited NOESY-HSQC. Three-dimensioréN-edited in & and tz to 64 and.192, respgctively, and apodized by
TOCSY data were obtained with a 50 ms clean-MLEV-17 75°-shifted s_quared sine bell, with zero-filling to 128 and
spin—lock duration (Greisinger et al., 1988) and sensitivity- 5;2’ respe(_:tlvely.Tl, T2, an_d NOE spectra were prpcessed
improved gradient coherence selection (Zhang et al., 1994).WIth 7_0°-sh|fted squarec: sine bell_m both dimensions and
For all measurementdH carrier was set to the water zero-filled to 512 !n the™N dlmen§|on.

resonance (4.773 ppm at 28) with 9090 Hz spectral width All data analysis was done with NMRVIEW software
and 112 ms acquisition time. TH&N carrier was set to ~ (Johnson & Blevins, 1994). Fofl; and T, dynamics
117.8 ppm with 1215 Hz spectral width. Natural abundance Meéasurements, cross-peak intensities were measured from
1H—13C HMQC spectra were obtained using samples® D peak heights and fit to an exponential decay function by

solutions with no water presaturatiofH carrier was setto ~ nonlinear least-squares analysis using the Levenburg
the water resonance. Marquardt method (Press et al., 1992). NOE values were

. . determined as the ratios of the peak intensities measured from
Two-dimensional proton-detected heteronuclear NMR P

- . _spectra acquired with and without saturation during the

spectroscopy was used to measure longitudinal relaxatlonrecyde delay
rate constantdR;), transverse relaxation rate constams) ( ' : . .
and{'H} —°N steady-state heteronuclear Overhauser effects Structure calculations Were"cafrled out gsmg the DIANA

. : 15 software package (Gert & Withrich, 1991; Gatert et al.,
(NOE) for the backboné&N spins of uniformly'>N-labeled 1991). Distance restraints of +8.7 A, 1.8-3.3 A, and
apoBCCP87. Relaxation measurements were performed1 8—5.0 A were employed fo.r .cros:s-p.eaké of’ strong
using INversion recovery (Vold etal., 1968), C@F?urc_:ell— medium, and weak intensity, respectively, observed in the
Meiboom~Gill (CPMG) (Carr & Purcell, 1954; Meiboom NOE spectra. An additional 0.5 A was added for NOEs
& Gill, 1958) and steady-state NOE (Noggle & Shirmer, f :

. . involving methyl protons (Clore et al., 1987), 0.8 A was
1971) pulse sequences described previously (Barbato et al. . .
1092; Farrow et al.; 1994, Kay et al.,1992; Peng & Wagner, added for NOEs involving methylene protons, and 1.5 A was

: . : . . added for NOEs involving degenerated valine methyls.
1992). Dipolar relaxation and chemical-shift anisotropy dqf dom initial di
cross-correlation were removed by proton 1g0Ises applied _StrugleArﬁlsAwerle glen_erate (rjom ffa” om |n|']E|a cc()jo: Inates
every 5-10 ms during relaxation delay. THhgevolution is using calculations and refinement of models was

: : : : o ied out using the strategy of redundant dihedral angle
designed as a semiconstant time period to optimize the carmed o )
acquired signal in the; dimension. Decoupling during constraints (REDAC) (Gutert & Withrich, 1991, Gutert

acquisition was performed using WALTZ16 (Shaka et al., et "’!I" 1991) Wit.h differe.nt minimizatio.n paramete(s. NOE-
1983). T, and T, data were collected with 1 and 1.5 s derived and primary distance restraints were given equal
predelay, respectivelyT; data were collected at 30, 120, weighting during Fhe f'”f?" stage O.f structure calculatloqs.
250, 380, 510, 630, 760, and 1020 N data were collected Separ_ate calculations with and without hydrogen-bonding
at 8, 40, 88, 136, 184, 248, 312, and 376 ms. Thg—  'estraints were performed.

15N steady-state NOE values were obtained by recording RESULTS

spectra with and without the use of proton saturation before

the start of the experiment. Data were collected with the  NMR Spectra and AssignmentMR studies were carried
water flip-back pulses (Grzesiek & Bax, 1993) athiN out with nonlabeled antN isotopically labeled recombinant
decoupling during acquisitions i3 s proton saturation and apoBCCP87 protein samples. This C-terminal domain
3 s predelay. All experiments were collected utilizing fragment has been shown to be as active as the intact
WATERGATE read pulses to achieve water saturation apoBCCP protein in the BirA-catalyzed biotin ligation
(Piotto et al., 1992). For all measuremeHtscarrier was reaction (Nenortas & Beckett, 1996). Signal assignments
set to the water resonance with 9090 Hz spectral width andwere made by analysis of 2D homonuclear correlated data
112 ms acquisition time. Th&N carrier was set to 117.8  (Wiithrich, 1986), combined with°N-edited 2D and 3D
ppm with 1215 Hz spectral width, and 256 complex points heteronuclear data (Marion et al., 1989b). Figure 2 shows
were collected starting at half the dwell time with States time- the'H—N heteronuclear single quantum coherence (HSQC)
proportional phase incrementation (TPPI) for quadrature spectrum of**N-isotopically labeled apoBCCP87 acquired
detection (Bax et al., 1991; Marion et al., 1989c). in buffer conditions identical to those used for the unlabeled
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prochiral protons. Thus only 26% of the prochiral protons
in the Glu77Glul56 stretch were specifically assigndd.
and N chemical shift assignments are available in the
supporting information.

Secondary Structure Determination and Proton Chemical
Shift Analysis.Elements of regular secondary structure were
identified on the basis of cross-peak patterns and intensities
observed in the 2D homonuclear NOESY and the'3®
edited NOESY spectra. NOE intensities were qualitatively
grouped into strong, medium, and weak categories. The
NOE cross-peak patterns and corresponding secondary
structural elements, are summarized in Figure 3. With the
exception of Leu115Cys116, Lys136Alal37, and Leul52
Val153 proton pairs, strong sequentig-HNH (H*—H? for
proline residues) NOE connectivities observed for residues
Gly80—Ser85, Val88-Tyr92, GIn107#Asnl110, Aspll3
Alal20, Met123-Alal129, Gly133-1le138, GIn144-Glul47,
and Glul56-Glul56 indicate that these segments exist in
an extended conformation. This description of secondary
structure is in good agreement with that of the crystal
structure (strand81—/38) (Athappilly & Hendrickson, 1995).
Strong sequential NHNH NOE connectivities for Leult5
Cys116, Lys136-Alal37, and Leul52Vall53 proton pairs
suggest that these residues form bulges within three of the
pB-strands. Strong interstrand*HH* NOEs characteristic
of antiparallel3-sheet structure further indicate that the eight
B strands form two four-strandetisheets, witt51, 53, 56,
and 38 forming one sheet an@b, 34, 52, andg7 forming

the other. These two four-stranded antiparaffetheet
structures are schematically shown in Figure 4.

NOE cross-peaks characteristic of type Il turns’¢iich,
1986) were observed for residues Val1d5Iin107, Vall11t

9.0 8.1 7.2 1H ppm

FiGUrRe 2. Portion of the 2DH—1N HSQC spectra oft°N-
apoBCCP87 (pH 7.57 = 25.0 °C, 95% HO/5% D,0). The
spectrum show$H—15N correlations for 74 of the non-proline
residues. Solid lines indicate side-chain Ngtoups of Asn and Aspl13, Glul4#Glul50, and Serl42GIn144. Thus,

Scl)? Leesiggsﬁq-bl\il-IcenrJrglinisrseisigggsdtﬂgtfflgﬁ %r;dN%eggi Cﬁ;‘S n consistent with the X-ray structure (Athappilly & Hendrick-
addition, Metlzgl wasynot igentified in data collected atng 7.5 tson’ 1935)f;2a?ﬁﬂz).atre each ?rac{(eﬁed E[)ydtwo ;ype .
due to solvent exchange. urns. Lys122, the biotin acceptor, is locate ngﬁ urn
betweens4 andp5 (Figure 5). Medium to strong intensity
sample. Amide signal degeneracies in 2D NOESY and Lys22-NH-Met123-NH, weak intensity Met121-NH
TOCSY were largely eliminated in th#1—1°N correlated Lys122-NH (due to solvent exchange of Met121-NH), and
NMR data (Griesinger et al., 1988; Kay et al., 1989a). With medium sequential Lys122¢+Met123-NH NOE cross-
the®N-edited NOESY and’N-edited HOHAHA, sequential  peaks are indicative of a typé turn. Finally, residues
NH—NH, NH—H*, or NH—H? (for proline residues) con-  Arg93—Phel02 form a protrusion, in which residues Ser96
nectivities were observed for 79 of the total 87 residues, Ala99 form apg turn. However, due to solvent exposure,
enabling proton NMR signal assignments to be made via the weak amide signals associated with the residues compos-
sequential assignment strategies “(iich, 1986). The ing this turn precluded unambiguous identification of fthe
N-terminal residues Met70Ala76 and Ser79 could not be turn type.
unambiguously assigned due to lack of NOE signals, It has previously been shown that NMR chemical shifts
indicating that this segment is flexible in solution. In for backbone M atoms correlate well with secondary
addition, no NMR signal was detected for the backbone structure (Spera et al., 1991; Wishart et al., 1991, 1992).
amide proton of Met121 at pH 7.5, mainly due to exchange Therefore, chemical shift values of the* lesonances of
with solvent. It was identified in data collected in buffer at apoBCCP87 were compared with the values consistent with
pH 6.2, in which amide proton exchange is slower. random coil structure. The resulting secondary shifts agree
Many of theo-protons close to the water signal could not with the secondary structure derived from the NOE data
be identified from data collected with the sample in water (Figure 3). Specifically, residues His8Arg84, Val88-
and were recovered and assigned from 2D NOESY and Tyr92, Lys108-Asn110, lle117Alal20, Serl321le138,
Clean-HOHAHA spectra collected with the sample gD GIn144-Glul148, and Leul52Glul56 exhibit positive
Most of the prolinea. andd protons were also assigned. In  secondary shifts consistent with an extended secondary
several cases, side-chain protons of residues with longer sidestructure. Thus, although several residues exhibit shift
chains could not be assigned unambiguously due to signaldifferences, the Hsecondary chemical shifts fgi-sheets
degeneracies and overlap in the upfield region of the double-are generally consistent with an extended conformation.
quantum filtered correlated (DQF-COSY) data (Rance etal., Structure Determination. A total of 614 interproton
1983). For many residues, nearly equal-intensity NOE cross- distance restraints derived from 2D and 3D NOE data were
peaks were observed for dipolar interaction involving employed for structure calculations, including 13 intraresidue,
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FiGure 3: Summary of M—NH, NH—NH, and H—H* NOE connectivities identified from 2D NOESY and 3B—5N NOESY-HSQC

spectra of apoBCCP87. The thickness of the horizontal bars denotes the relative intensities of the NOE cross-peaks. The secondary structural
elements are also shown. Theproton secondary chemical shifts are shown at the bottom of the figure. Groupings of downfield-shifted
protons ¢ 0) correspond t@-strand type structure.

194 sequential, 66 medium-range—® residues), and 256 individual distance violations were 0.11 A or less and penalty
long-range interproton distance restraints and 84-@Hand values € squared sum of all distance violations) were
N—O hydrogen-bond restraints (Table 1). Hydrogen-bond 0.008-0.039 &. Of these, nine structures were generated
restraints were determined from analysis of the NOE-derived without hydrogen-bond restraints. Models generated with
secondary structure. Protons that exhibit NOE cross-peaksand without hydrogen-bond restraints exhibit the same three-
to a specific prochiral proton often give a signal to the dimensional structures. Superposition of residues b
neighboring prochiral proton, and in the present studies, of all 58 models afforded an average pairwise rms deviation
restraints were not included for the weaker of two such cross-of 0.60 & 0.14) A. Since the biocytin turn and the
peaks. Restraints for moderate or weak intraresidue cross{rotruding thumb are less well defined, superposition of the
peaks, which do not serve a useful function in the structure backbone heavy atoms (C*G&nd N) of restrained residues
calculations, were also not included. No intraresidue re- Gly80—Arg94, Lys1006-Alal20, and Met123Glul56 of all
straints were imposed for side-chain protons with undefined 58 structures afforded an average pairwise rms deviation of
stereochemistry. Thus, many cross-peaks observed in thed.52  0.11) A (Table 1, Figure 7). Superposition of the
NOE spectra were not used as distance restraints. Onmodels generated with hydrogen-bond restraints for the same
average, a total of 15.4 distance restraints/assigned residustretch of residues afforded better convergence, with an
were used for structure calculations. The total number of average pairwise rms deviation of 0.48 0.09) A.
NOE-derived interproton distance restraints as a function of Three-Dimensional Structure and Dynamical Properties

residue number is shown in Figure 6. of ApoBCCP87.ApoBCCP87 consists of two four-stranded
All structure calculations were performed using the vari- antiparallels-sheets that are packed together via a hydro-
able target function program DIANA (Guert & Withrich, phobic core, forming two symmetrical halves of the molecule

1991; Guntert et al.,, 1991). A family of 58 refined (Figure 8, top). A hairpinlike protrusion connects the two
conformers were generated using the strategy of redundantalves. The entire molecule can be described as an anti-
dihedral angle constraints (REDAC) (Gert & Withrich, parallel 5-barrel, with strand$1, 88, 86, andf33 forming
1991; Guntert et al., 1991). Statistical information for oneg-sheet and strangb, 54, 52, and37 forming the other.
structure calculation is reported in Table 1. Of these, The curvature off2 makes it possible for it to pair with4
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Ficure 4: Schematic representation of the characteristic NOE connectivities (arrows) that define the two four-stranded aptipaesiis|

in apoBCCP87. The thickness of the arrows is proportional to the intensity of the cross-peaks. Hydrogen bonds deduced from the NOE data
and modeling studies are denoted as lines. Question marks indicate hydrogen bonds for which insufficient evidence is available due to
signal degeneracy or overlap. These were not included in structural calculation.

at one end, which further pairs witb to form the flat region
of the-sheet. Thg82 strand pairs witf7 at the other end,

of peak heights were made for ¥AH backbone resonances
(87 residues minus eight unassigned residues, Met121, and

which is almost perpendicular to the flat segment of the sheetfive proline residues). Uncertainties in the peak heights were

and thus forms a cap of thebarrel. The counterpart of
B2, 36, pairs with38 at one end, which further pairs with
BLl. Thef6 strand pairs with83 at the other end and forms
the second cap of thé-barrel.

estimated on the basis of the root-mean-square baseline noise
in the spectra (Palmer et al., 1991). The relaxation data are
plotted in Figure 9.

The procedure outlined by Mandel et al. (1995) was

The single cysteine residue, Cysl116, is buried in the followed in analysis of theT;, T, and NOE data. The
hydrophobic core formed by residues Ser85, Pro86, Phe91,“model-free” approach of Lipari and Szabo (1982) was used

l1e103, Vall09, Leull5, llell7, Valll8, llel27, Alal29,

to analyze the relaxation data. TH& Ty/T; ratio is, to a

Vall35, Vall146, Leul52, Vall53, and lle155, as shown in good approximation, independent of rapid internal motions,
Figure 8 (bottom). Most of these hydrophobic residues are because these motions increase fhe and T, values

very well defined and presumably play an important role in
stabilizing theS-barrel structure.

The NMR relaxation parameters, longitudinal relaxation
time constantsT;), transverse relaxation time constaris)
and steady-stagH} —'5N nuclear Overhauser effects (NOE)
were obtained by analysis of two-dimensional proton-
detected heteronuclear NMR spectroscopy, uiNgsoto-

uniformly (Kay et al., 1989b). This enables calculation of
the overall rotational correlation timg, from the Ty/T; ratio.
However, care must be taken when using this method. First,
residues with NOE values less than 0.6 should be excluded
from such analysis, because for such residues the assumption
that rapid internal motions do not affect thg/T; ratio is
invalid. Consequently, the N-terminal residues E77, 178, and

pically labeled recombinant apoBCCP87 protein samples atG80 were not included in the analysis of the relaxation data.
pH 7.5. Quantitation of peak intensities from measurements Omitting the data for these three residues, the mean values
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° = 2 - - . Table 1: Distance Restraints and Structural Statistics
1 [+ L] o ® 3 &
e g @ e - Distance Restraints
2l ® o 2. o 2 H a intraresidue 13
- 4 ‘? 8 % g 3 g ES sequential 194
st s e medium-range|( — j| = 2—5 residues) 66
- W ' ° long-range [i — j| > 5 residues) 256
4 ° . & N 12an o hydrogen bonds 84
Pl o LMD S - S total NMR-derived restraints 614
" 5t & - ° - - - mean restraints/residtie 15.4
oom ' Distance Violationd
mean total penalty (3 0.022+ 0.08
7t : o - - . maximum total penalty (A) 0.039
D _1 rasan 125 . minimum total penalty (A) 0.008
gr * T T T T~ VoS e T : - maximum individual violation (A) <0.11
Z;_w ° -%““_ - _ 12040 _‘&-v_ L‘w _ _\_zgshn <
of Mt o . Ee— - & pairwise RMS deviatiorfgA)
1o - e o all H-bonds  no H-bonds
V118.N E119.N A120.N K122.N M123.N M124.N N125.N  N125.NH, Q126.N backbone heavy atomS
FIGURE 5. Strips from the 3D'H—15N NOESY-HSQC spectrum (C, C*, and N)
Of 15N_apOBCCP87 (pH 751' — 25_00(:’ tm =150 ms, 95% |2‘D/ res;(?\téelsz?fgéloo—lzo, 0.52+0.11 0.48+:0.09 0.63+0.10
5% D,O) taken at the">N chemical shifts of residues Vall18 .
- residues 86156 0.60+0.14 0.56+0.11 0.77£0.14
GIn126 (except for Met121) and Asn125-BHorresponding to all ato'mg
the biocytin turn and adjacent residues frgandp5s. Solid lines residues 8694. 100-120. 1.62+ 0.12 1.60+ 0.11 1.63+ 0.12
indicate sequential ++NH and NH-NH connectivities. Dotted and 123-156
lines indicate long-range NOE connectivities characteristic of residues 861567 1.724+0.14 1.69+0.14 1.80+0.16

antiparalle|3-sheet. The NOEs between thé?rotons of Asn125
with the backbone amide proton and the methyl group of Alal120,
which suggest a superhelical twist of {hiesheet structure (see text),
are also shown as dotted lines.

@ Penalty (equal to the squared sum of the distance violations) and
RMSD values are in units of squared angstroms and angstroms,
respectively; distance violations are in units of angstroms. Values are
reported as a meah standard deviatiorf. Calculated for 79 restrained

residues. Each interresidue restraint was counted twice to determine
for Ty, T, and NOE were 0.53# 0.06) s, 0.144 0.01) s, the mean number of restraints per residuesults for 58 structures

and 0.74 £ 0.05), respectively. Second, slow conforma- generated by the program DIANA (distance geometry algorithm for
tional exchange shortens the value Tf but not of T;. NMR applications), including 49 generated with H-bond restraints and
Therefore, a smaller than average valud pin the absence  nine generated without H-bond restrairft$/alues are reported as a
of a concomitant increase iy is indicative of conforma- meanz standard deviation. Penalty sum of the square of all distance

. . . . violations.® Pairwise rms deviations calculated for the given range of
tional exchange (Tjandra et al., 1996). According to this yegjques for structures generated with H-bond restraints, without H-bond
criterion, residues for which th&; value was affected by restraints, and for the entire family of 58 modéIResidues comprising
conformational exchange were excluded from the calculation, all the regular secondary structure, excluding poorly defined residues

using the following relationship (Tjandra et al., 1995, 1996): in the protruding thumb (residue 999) and the biocytin turn (residue
121-122).9 The entire folded apoBCCP87.

(O0,0- 1,)/o,0- (O, - 1,)/0d,0> 1.5SD
of SSE were 2.14, 1.37, and 0.00 for models with two (model

where T,, and Ty, are the measured values for residye 1), one (models 2 and 3), and zero (models 4 and 5) degrees
[T.0and [T,0are the mean values given above, and SD is of freedom, respectively.
the standard deviation ofTo00— Tan)/T0— (00— Ty,)/ Optimized values of the model-free parameters are pre-
[T1[J On the basis of this equation, residues Asp98, Asp113, sented in the supporting information. The generalized order
and Met124 were excluded. For the remaining residues, theparametersS, the internal correlation time., and the
average value of th&y/T, ratio, 3.6 & 0.3), was used to  chemical exchange terni&, for the backbonéN nuclear
estimate the overall rotational correlation timg= 5.1 spins are plotted as a function of the residue number in Figure
0.3) ns (Palmer et al., 1991). 9. The average value of the order parameter for all 73

Selection of model-free parameters for each nuclear spinmeasured residues is 0.& 0.1) and they range from 0.75
was carried out using the statistical strategy outlined in to 0.89 for each of the eight stands, withg1l and 5
Mandel et al. (1995). Of the 73 backbol®®l nuclear spins, characterized by the lowest values of 0.800.05) and 0.75
relaxation data for a total of 38, 8, 10, 7, and 10 backbone (£0.07), respectively. The relatively low order parameter
15N atoms were fit by models-15, respectively, where model for 81 was expected because of its location near the
1 fits only the generalized order paramet&)(model 2 fits N-terminus, whereas the reduc&dvalue for5 is of interest,
< and the effective internal correlation times); model 3 as discussed later. The increased average order parameter
fits & and the chemical exchange terfR.,), model 4 fits of 0.89 @ 0.07) for/38 is mainly due to the unusually high
2, 1e, and R, terms, and model 5 fits order parameters of value for residue Glul150 = 1.000+ 0.007).

internal motions on both fast and slow time scalg3 énd Low order parameters (0.26.39) were observed for
S?, respectively) and alsa.. After final optimization with N-terminal residues lle77, Glu78, and Gly80. This result is
the selected model for each nuclear spin, the glohatas consistent with the NOE, chemical shift, and modeling data,

5.05 @& 0.02) ns. The sum-squared error (SSE) values for which indicate that the N-terminal residues are disordered.
58 nuclear spins were less than the= 0.05 critical value; Two additional regions of the protein exhibit lower-than-
five nuclear spins had SSE values slightly greater than theaverage order parameters, including the biotin-binding turn
critical values; 10 had SSE values in the range26. (and the following strang85) and the protruding thumb
Excluding these latter 10 nuclear spins, the average valuegqresidues Thr94Alal101) (Figure 9). The order parameter
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for structural calculations of apoBCCP87.
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FIGURE 7: Stereoviews of the best-fit superpositions of the backbone heavy atoms, (@)dN, residues Gly80Thr94, Lys106-Alal120,

and Met123-Glu156) of the 49 refined apoBCCP87 models (yellow) generated with hydrogen bond restraints, and the model derived from
the X-ray crystallographic structure of holoBCCPsc (blue), illustrating the conformational differences between the NMR and crystal models.
Figures were generated with the MOLMOL software package.

for Lys122 is 0.814 0.02) and values for residues Met}23  structure was determined on a proteolytic fragment (residues
Alal29 of g5 range from 0.65 to 0.80. In the protruding 77—156) obtained from subtilisin digestion of intact BCCP.
thumb, residues Ser9@&\la99, which form g3 turn, exhibit The NMR structure was determined for a recombinant 87
significantly lower order parameters (0:5@.79) with an residue C-terminal fragment of BCCP (residues-186).
averageS of 0.7 @ 0.1). The reduced order parameters The two proteins thus differ in length by seven residues at
for these regions indicate enhanced mobility on the pico- the amino terminus. Residues-779 at the N-terminus of
second to nanosecond time scale. The increased mobilitiesholoBCCPSC are extended in the crystal structure and do
are accompanied by conformational exchange or amidenot interact with the main body of the protein. The 10
proton exchange terms for residues Met123 and Met124 in N-terminal residues of apoBCCP87 are disordered in the
strandf5 and Ser96, Asp98, and Alal01 in the protruding NMR structure; thus, differences in the N-terminal residues

thumb. For example, residue Met124 has one of the lowestof the protein should not adversely affect comparison of the

chemical exchange term (1240.3). With the exception of
the N-terminal residues, residue Asp98 has the lowest order
parameter® = 0.534 0.04) and highest chemical exchange
term (1.7+ 0.4). These results imply increased internal
motion as well as extensive conformational dynamics on the
chemical exchange time scale.

Superposition of the backbone heavy atoms (residues 80
156) of the apoBCCP87 NMR structures with the X-ray
structure of holoBCCPsc (Athappilly & Hendrickson, 1995)
(Figure 7) afforded an average rms deviation of 1.21 A. The
agreement between the apo and holo structures improves

significantly when the residues of tifeturn containing the
DISCUSSION biotinylation target, lysine 122, and the “protruding thumb”
region are not included in the fitting (rms deviatien1.07

The structure of the apoBCCP87 presented in this work A). Detailed comparison of the structures reveals that in
and that of the holoBCCPSC determined by Athappilly and apoBCCP87 th@ turn containing the biotin moiety assumes
Hendrickson (1995) are very similar. The X-ray crystal an orientation different from that in the crystal structure, with
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distance in the crystal structure, including Alal20-NH
Met121-NH (3.9 A) and Ala120-NHLys122-NH (3.73 A),

do not show any observable NOE cross-peaks in apoBCCP87
(Figure 5). Furthermore, the superhelical twist at the end
of the 84—p5 B hairpin, supported by NOEs between the

Alal20 e Ho2 protons of Asn125 with the backbone amide proton and

the methyl group of Ala120 observed in apoBCCP87 (Figure
5), is not observed in the crystal structure. Rather, in the
holoprotein the side chain of Asn125 points away from the
B sheet, and the typé turn forms a plane almost perpen-
dicular to thes sheet. This allows the ureido ring of biocytin
to interact with the hairpin protrusion formed by residues
Arg93—Phel02. Small differences are also observed be-
tween the protruding thumb region of the NMR and X-ray
structures, but these differences were too small to be
confirmed unambiguously from the NOE data.

To further explore the orientation of the local structure of
apoBCCP87 versus holoBCCPsc, we used PROCHECK
(Laskowski et al., 1993) to evaluate the backbone torsion
angles of residues in the biotin-binding loop. Interestingly,
three of the four residues involved in theturn in the
holoBCCPsc X-ray structure, including residues Alat20
Lys122, have relatively unfavorable valuesscadind¥ angles
compared to the other residues in the structure. In apoB-
CCP87, however, only Met121 has a less favorable confor-
mation relative to the other residues of the hairpin. The
unfavorable conformation of this residue in the apoprotein
could reflect the limited number of distance restraints
employed in the structure calculation of this residue, due to
its rapid intrinsic NH exchange rate. We propose that the
conformational differences between the holo- and apoproteins
are due to formation of multiple interactions between the
ureido ring of the biotin moiety and the residues in the
protruding thumb in the holo protein. These multiple
interactions appear to confer a strained conformation on the
biocytin turn, which does not exist in the apoprotein.

It is also conceivable that the biotinyl group could be
disordered in solution and that the interactions with the
protruding thumb region observed in the crystal structure
are due to crystallization effects. However, comparison of
fluorescence emission spectra of the apo and holo forms of
the protein indicates that biotinylation results in a 2-fold
increase in the quantum yield of the intrinsic protein
fluorescence (Wei and Beckett, unpublished results). This
increase in the fluorescence intensity is consistent with an
FiGURE 8: Ribbon drawing of the apoBCCP87 structures with the average solution conformation of the biotin moiety similar
lowest distance restraint violations. Drawings were generated andto that observed in the crystal structure of holoBCCP.
rendered with (top) MOLSCRIPT (Kraulis, 1991) and (bottom) Bridging of the biotin across the biocytin turn and the

Raster3-D (Bacon & Anderson, 1988) software packages. (Top) ; ; ; ;
View of the eightf strands showing the symmetrical nature of the protruding thumb apparently results in protection of the single

structure. Residues defining eaélstrand are labeled. Shown also  tyrosine residue (Tyr92) from solvent quenching.
is the biotin-binding residue Lys122 in blue. (Bottom) View of the  The NMR relaxation data obtained for apoBCCP87 reveal
residues comprising the hydrophobic core (green) and the single 4t theg turn containing Lys122 and the protruding thumb
cysteine residue Cys116 (yellow). . s .

exhibit rapid internal motions. These segments were shown
main differences observed at residues Met121 and Lys122.to have multiple biotin-mediated interactions in the crystal
The biocytin residue in BCCPsc is located at a typé | structure of the holoBCCPSC (Athappilly & Hendrickson,
turn, which is stabilized by three hydrogen bonds formed 1995). The qualitative agreement of relaxation data of the
between the backbone amide protons of Alal20, Lys122, apo form and crystallographiB-factors of the holo form
and Met123 and the carbonyl oxygens of Met123, GluEDO  suggests that the inherent mobility of these two regions is
and Alal20, respectively. This pattern is also observed in not totally lost upon biotinylation of the protein. However,
apoBCCP87, with the exception of the Lys122 and Gluk®O  quantitative comparison of the dynamic features of the two
pair, which, as indicated by the NOE data, are further apart. forms of the protein awaits solution NMR studies of
In addition, several proton pairs that are well within 5 A holoBCCP87.
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Ficure 9: Relaxation parameters for apoBCCP87. Shown are (a) the longitudinal relaxatiof titbg the transverse relaxation tinig,

and (c){ *H} —1°N NOE values plotted for the 73 residues measured (residue$5&, excluding Ser79, Metl121, and five proline residues),
on the left-hand side, and comparison of (d) generalized order paran®tde) the internal correlation time., and (f) the chemical
exchange terrRe., obtained for backbon®N spins of apoBCCP87 (residues-7¥56, excluding Ser79, Met121, and five proline residues)
by model-free analysis, and (g) crystallograpBitactors for holoBCCPsc (residues-7¥56), on the right-hand side. The diagram above
panel d is a schematic representation of the secondary structure.

In its functional cycle the biotin carboxyl carrier protein have shown that greater than 76 C-terminal residues of BCCP
engages in heterologous proteiprotein interactions with  are required for BirA-catalyzed biotinylation in vivo. More-
three distinct partners. Interaction with the biotin holoen- over, measurements of biotin carboxylase-mediated carboxy-
zyme synthetase, BirA, is required for conversion of lation of holoBCCP87 are significantly faster than those
apoBCCP to the holo form. The biotin carboxylase subunit measured for free biotin (Grover Waldrop, personal com-
binds to the holoBCCP in the incorporation of the carboxylate munication).
group of bicarbonate into biotin. Finally, the carboxybioti-  The data presented in this study provide evidence for a
nylated form of BCCP interacts with transcarboxylase in the small, local conformational change upon protein biotinyla-
conversion of acetyl-CoA to malonyl-CoA. Results of tion. This conformational change may be important for
biochemical and genetic studies indicate that, in addition to mediating specific interactions relevant to binding of BirA
the biotin moiety, amino acid determinants on BCCP are and subsequent biotin transfer. The ureido functionality of
critical for all of these interactions. Li and Cronan (1992) biotin appears to be critical for adoption of this second
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conformation of BCCP since it forms multiple hydrogen- Clore, G. M., Gronenborn, A. M., Nilges, M., & Ryan, C. A. (1987)
bonding interactions with the “protruding thumb” region of Three-dimensional structure of potato carboxypeptidase inhibitor

; Pt ; ; i lution. A study using nuclear magnetic resonance, distance
the protein. Biotin carboxylase-mediated carboxylation of " 5© y using 9 . €,

e - . - . . try, and rest d molecular dynamiRisch try 2

the biotin moiety is expected to disrupt the interaction of 3822168%3?” restrained molecular dynamBischemistry 26
the ureido group with the protein and could lead to a third Cronan, J. E., Jr., (1990) Biotination of Proteins in Vivo Biol.
conformation required for optimal interaction of BCCP with Chem. 2651032710333. B
transcarboxylase. The prediction of the existence of this third Dardel, F., Laue, E. D., & Perham, R. N. (1991) Sequence-cspecific

. s IH-NMR Assignments and Secondary Structure of the Lipoyl
conformation can be tested by determination of the structure 5 - (T S s stearothermophiluByruvate Dehydro-

of the carboxybiotinylated BCCP87. _ _ genase Multienzyme Complepr. J. Biochem. 201203-209.
Biotin-dependent carboxylases are found in organisms Dardel, F., Davis, A. L., Laue, E. D., & Perham, R. N. (1993) Three-
across the evolutionary spectrum. The biotin carboxyl carrier ~ Dimensional Structure of the Lipoyl Domain fromacillus

domains of proteins from organisms ranging from bacteria S}gir?]th&rm08irg”lugggug%tgﬁigzgmgenase Multienzyme Com-
to humans exhibit a high level of sequence homology Dimrot’h,'P., Guchéit, R. B. Stoll 'E., & Lane, M. D. (1970)

(Samols et al., 1988), and cross-species biotin ligation has  Enzymatic Carboxylation of Biotin: Molecular and Catalytic
been demonstrated in several systems. For example, Cronan Properties of a Component Enzyme of Acetyl-CoA Carboxylase,
and co-workers have shown that tecoli biotin ligase can Proc. Natl. Acad. Sci. U.S.A. 61353-1360. _
catalyze modification of BCC domains from sources ranging Fag, R.R. |(1(?27 g%é_“?fg)és's of Microbial Biotin Proteinilethods

. S nzymol. .
from bacteria to tomato in vivo (Cronan, 1990). G_rqvel_ and Farrow, N. A., Muhandiram, R., Singer, A. U., Pascal, S. M., Kay,
co-workers demonstrated, moreover, that the_k_notm I|ga_se C. M., Gish, G., Shoelson, S. E., Pawson, T., Forman-Kay, J.
from humans can rescue a temperature-sensitive mutation D., & Kay, L. E. (1994) Backbone dynamics of a free and a
in the E. coli enzyme in vivo (Leon-Del-Rio et al., 1995). ?Shosphopeptlde-_complexed Src homology 2 domain studied by
This functional and sequence conservation undoubtedly . N NMR relaxation,Biochemistry 335984-6003.

. o reen, J. D. F., Laue, E. D., Perham, R. N., Ali, S. T., & Guest,
reflects structural conservation, and the availability of the ™ j R "(1995) Three-Dimensional Structure of a Lipoyl Domain

three-dimensional structure of tke coli apoBCCP will serve from the Dihydrolipoyl Acetyltransferase Component of the
as a model for understanding the specific biotin ligation  Pyruvate Dehydrogenase Multienzyme Complegs€herichia
reaction in all organisms. coli, J. Mol. Biol. 24§ 328-343.
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