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Abstract 

Transcarboxylase (TC) from Propionibacterium shermanii, a biotin-dependent enzyme, catalyzes the transfer of a 
carboxyl group from methylmalonyl-CoA to pyruvate in two partial reactions. Within the multisubunit enzyme complex, 
the I .3S subunit functions as the carboxyl group carrier. The 1.3s is a 123-amino acid polypeptide (12.6 kDa), to which 
biotin is covalently attached at Lys 89. We have expressed 1.3s in Escherichia coli with uniform "N labeling. The 
backbone structure and dynamics of the protein have been characterized in aqueous solution by three-dimensional 
heteronuclear nuclear magnetic resonance (NMR) spectroscopy. The secondary structure elements in the protein were 
identified based on NOE information, secondary chemical shifts, homonuclear ' J H N H a  coupling constants, and amide 
proton exchange data. The protein contains a predominantly disordered N-terminal half, while the C-terminal half  is 
folded into a compact domain comprising eight P-strands connected by short loops and turns. The topology of the 
C-terminal domain is consistent with the fold found in both carboxyl carrier and lipoyl domains, to which this domain 
has approximately 26-30% sequence similarity. 
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Transcarboxylase (TC) is a complex multisubunit biotin-dependent 
enzyme (1,200 kDa), composed of 30 polypeptide chains of three 
different subunits: the 12s subunit (360 kDa), the 5s subunit (120 
kDa), and the 1.3s biotinyl subunit (12.6 kDa). In the intact form 
of TC, there are a total of six 12s monomers (60 kDa) in a cylin- 
drical central unit, twelve 5s monomers (60 kDa) in six dimeric 
outer 5s subunits, and twelve 1.3s subunits (Wood, 1979; Wood & 
Kumar, 1985). The 1.3s subunit is the biotin carboxyl carrier unit 
with biotin covalently attached to the Lys 89 €-amino group as a 
post-translational modification by holo-carboxylase  synthetase 
(Shenoy & Wood, 1988). 

TC's large size presently precludes direct structural studies at 
high resolution. However, the individual subunits can be obtained 
readily for study by disassociating the TC enzyme (Wood, 1979). 
The I .3S subunit is particularly amenable for characterization by 
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NMR spectroscopy due to its size, high-solubility, and the avail- 
ability of an expression system. Further, this subunit is of interest 
because of its specific protein-protein interactions. It  is recognized 
by the holocarboxylase synthetase in the cell, which adds the biotin 
prosthetic group post-translationally. In addition to 1.3s interact- 
ing directly with 12s and 5s to form the intact enzyme, 1.3s is also 
required at the 1.3S/5S (or 12s) interface for the transcarboxyla- 
tion reactions to occur. The  COP moiety is only transferred when 
biotin is ligated to the 1.3s protein, biotin alone being unreactive 
(Shenoy et al., 1993a). 

The C-terminal amino acid sequences of biotin carboxyl carrier 
protein domains (BCCP) are well conserved among different en- 
zymes, implying the existence of a common protein fold for these 
proteins (Toh et al., 1993). Further, BCCPs in these regions are 
also similar in sequence and structure to lipoyl domains of lipoic 
acid-dependent enzymes. Three-dimensional structures have been 
reported for six lipoyl domains and one biotin carboxyl carrier 
protein. These include the lipoyl domains of Bacillus stearother- 
mophilus pyruvate dehydrogenase complex (PDHC) (Dardel et al., 
1993), a non-native hybrid lipoyl domain of Escherichia coli PDHC 
(Green et al., 1995), the N-terminal domain of Azotobacter vine- 
landii 2-oxoglutarate dehydrogenase complex (OGDHC) and py- 
ruvate dehydrogenase complex (PDHC) (Berg et al., 1996; Berg 
et al., 1997), the lipoyl domain from the dihydrolipoyl succinyl- 
transferase component of the 2-oxoglutarate dehydrogenase multi- 
enzyme complex (OGDHC) of E. coli (Ricaud et al., 1996), and 

2156 



Structure and dynamics of 1.3s-TC 2157 

the human inner lipoyl domain from the dihydrolipoylamide ace- 
tyltransferase subunit of pyruvate dehydrogenase complex (PDHC) 
(Howard  et al., 1998). The three-dimensional structure of the 
C-terminal fragment of one biotin carboxyl carrier protein  (BCCP,,), 
of the E. coli acetyl-coA carboxylase, has been characterized by 
X-ray crystallography (Athappilly & Hendrickson, 1995) and NMR 
spectroscopy (Yao et  al.,  1997).  The folds of all proteins domain 
were shown to be quite similar, consisting of a compact, a1l-P 
domain comprising two four-stranded sheets. 

In the present study, we report the first NMR-spectroscopic 
analysis of a complete carboxyl carrier protein. We assign the 
secondary structure, and characterize the fold of the 1.3s subunit 
of transcarboxylase. As expected from the 26-30% sequence iden- 
tity (Athappilly & Hendrickson, 1995; Reddy et al., 1997) of 1.3s 
to other lipoyl domains and BCCPsc, we find that the C-terminal 
half  of 1.3s folds into a similar compact p-sheet domain. The 50 
residues at the N-terminus, however, are flexible and do not appear 
to form stable contacts to the folded C-terminal domain. 

Results 

Assignments 

Two-dimensional 'H-''N HSQC spectra of the uniformly I'N- 
labeled holo-1.3s subunit of transcarboxylase were recorded at 
various temperatures and pH values to identify optimal conditions 
for protein characterization. Based on signal intensity and line 
widths, the best data were obtained at 20 "C and pH 6.5. Figure IA 
is representative of the data quality obtained and exhibits good 
chemical shift dispersion. For the 123 amino acid protein (with six 
prolines), 94 cross-peaks including some weak resonances were 
observed (other than side-chain resonances). For 23 residues no 
amide protons could be observed under these or any other exper- 
imental conditions. 

Resonance assignments of  the holo- 1.3s transcarboxylase began 
with the assignment of CaH and CPH resonances from the HNHA 
and HNHB spectra, respectively. Spin systems of the various amino 
acids were then completed and identified by their characteristic 
patterns o f  cross-peaks in the 3D 'H-"N TOCSY-HSQC experi- 
ments. Complete TOCSY transfer was observed for 67 residues. 
Additionally, Asn and Gln residues were confirmed by their char- 
acteristic intraresidue NOEs between side-chain NH and CPH and 
CyH, respectively. Proline residues (58, 60, and 97) were identi- 
fied using connectivities between their C6H and the CaH of the 
preceding residue in a 2D NOESY spectrum and/or the sequential 
connectivities between their CaH and the NH  of the next residue 
in 3D "N NOESY spectra. The observation of these cross-peaks 
also indicated that the respective X-Pro peptide bonds are in trans 
conformation. 

Sequence-specific backbone resonance assignments were ob- 
tained from a combination of 3D'H- I5N  NOESY-HSQC  and 3D 'H- 
"N TOCSY-HSQC spectra using standard procedures (Wiithrich, 
1986). Typical NOEs such as NH(i - I)-NH(i),  CaH(i - 1)- 
NH(i), or CPH(i - 1)-NH(i) were identified and established se- 
quential relationships. As an example, sequential connectivities 
between Val 82 and Ala 96 are highlighted in Figure 2. All residues 
from Ala 47 to the C-terminal Gly 123 could be sequentially as- 
signed by this approach. 

About 20 spin systems remained; of these, two spin systems 
were assigned to Arg 42 and Phe 3 1 due to their uniqueness in the 
remaining sequence. Further, 7 Gly, 4 Ala, 1 Thr, 1 Leu, 1 Ile 

residues were identified but could not  be assigned sequentially due 
to overlap or lack of intensity in the NOESY experiments. How- 
ever, these partial residue/spin-type assignments are consistent 
with the 1.3s sequence from residue Ile 29 to Ala 47, the latter 
being the beginning of the sequentially assigned C-terminal se- 
quence. Additionally, four incomplete spin systems were observed. 

Backbone flexibiliw 

Steady-state 'H-I5N NOEs (expressed as intensity ratios) were 
determined using 'H-''N NOE correlation spectra without and 
with 'H saturation (Fig. IB). Uncertainties in NOE ratios were 
estimated as standard deviations from duplicate measurements, 
and were found to average 2.6%. A total of 73 residues were 
characterized. Between residues 55 to 123, NOE ratios are similar 
for most of the residues (Fig. 3) and average to 0.7 * 0.1. Starting 
at Gly 55,  heteronuclear NOE ratios continuously decrease toward 
the N-terminus, and are increasingly negative for all cross-peaks 
assigned to residues preceding Lys 5 I .  This observation unequiv- 
ocally establishes the high structural flexibility of the N-terminal 
50 residues of 1.3s and indicates that the reduced signal intensity 
or lack of cross-peak intensity in HSQC and related experiments 
(Fig. 1 )  is primarily due to fast amide exchange kinetics. 

It should be noted that the biotin ureido NH protons were not 
observed in the "N-heteronuclear NMR experiments, as unlabeled 
biotin was added during the protein expression. Nevertheless, the 
side-chain amide of lysine (K89NHe in Fig. 1) to which the co- 
factor is covalently attached, was observed in all 'H,"N-HSQC- 
derived experiments and provides dynamic information of the 
prosthetic group. In the heteronuclear NOE experiment (Fig. IB), 
K89NHe exhibited a negative NOE ratio, indicating that this side 
chain linking the biotin prosthetic group is very flexible. This 
observation is consistent with our previous conclusion that the 
biotin moiety in 1.3s does not interact with the protein-moiety 
(Reddy et al., 1997). 

Secondary structure 

On the basis of the heteronuclear NOE values, the C-terminal half 
of holo-1.3s (Gly 5 5  to Gly 123) appears to have a well-defined 
structure and stable fold in solution. This is confirmed by the 
measurement of amide proton exchange rates, which were ob- 
tained by monitoring the 'H-l5N cross-peak intensity in 2D HSQC 
spectra at 25 "C and pH 6.0 as a function of time after dissolving 
the protein in D20. The exchange for all residues in the N-terminal, 
and for many residues in the folded C-terminal half  of I .3S was too 
rapid to be measured. However, 28 residues in the C-terminal half 
(between Gly 55 and Gly 123) exhibited a large protection against 
exchange (Fig. 4). After 4 days only six of these residues signif- 
icantly exchanged, the remaining 22 residues still exhibited be- 
tween 13 to 61% of their original signal intensity suggesting the 
presence of a very stable fold in the C-terminal domain. 

Figure 4 summarizes all NMR observations such as sequential 
NOEs, amide proton exchange data, and CaH secondary chemical 
shifts for residues 50-123 of the holo-1.3s subunit. Also included 
are 'JJHNJH~ coupling constants for 60 residues, which could be 
determined from HA/HN intensity ratios in a  3D HNHA experi- 
ment (Vuister & Bax, 1993) due to the good dispersion of the 
'H-I'N correlations. The combined data clearly identify large 
areas of the p-structure. Eight /3-strands were identified by the 
observation of strong sequential daN NOEs, 'JHNHa coupling con- 
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Fig. 1. Two-dimensional correlation spectra of 
uniformly I5N-labeled holo- 1.3s at pH 6 3  and 
20°C in 90% H20/10% D20 (v/v). A: Con- 
tour plot of a 'H-I5N HSQC spectrum. Cross- 
peaks are labeled with their amino acid type 
(one letter code) and sequence number. Side- 
chain amide resonances of  Asn and Gln resi- 
dues  are connected by horizontal lines. Spin 
systems, which were identified by type but not 
assigned sequcntially, are labeled without se- 
quence number. Asterisks indicate residues that 
could not be identified and assigned due to 
overlap and/or low intensity of the cross-peak 
in the spectrum. The "##" symbol indicates a 
folded cross-peak corresponding to an  Arg side 
chain. B: Contour plot of the 'H-"N hetero- 
nuclear NOE spectrum with pre-saturation. Neg- 
ative  cross-peaks  are drawn with only two 
contours and dashed lines, and indicate resi- 
dues that are showing negative NOES. 
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Fig. 2. Strip  plot  corresponding  to  amide  planes  for  residues Val 82-Ala 96 taken  from a 3D lH-''N NOESY-HSQC spectrum of 
h o b  1 3s. Sequential dNN and daN NOE correlations  are indicated by lines.  The  spectrum  was  recorded at 20 "C and pH 6.5 with a 
mixing  time of 150 ms. 

stants, CaH chemical shift data, the presence of slowly exchanging 
amide protons, and characteristic interstrand NOEs. Numbered con- 
secutively from the N-terminus, P-strand I is rather short, as it 
includes only residues Glu 56 to Pro 58. The assignment is based 
on strong sequential daN (or equivalent daS)  and downfield shifted 
CaH chemical shifts. Glu 56 and Ile 57, however, exhibit smaller 
3JHNHu coupling constants than expected, suggesting the presence 
of a less regular or more flexible P-strand. In P-strand 11, which 
extends from Thr 64 to Leu 69, only three residues (Thr 64, Val 65, 

and  Lys 67) exhibited protection against amide proton exchange 
indicating that this is an outer strand. The NOE pattern and small 
coupling constants in this strand suggest the presence of a  P-bulge 
around Lys 67. 

Applying primarily NOE, chemical shift, and coupling constanl 
criteria, the regions from Thr 75 to  Lys 77 and Val 82 to Glu 86 
were assigned as strand 111 and IV, respectively. Almost all residues 
in these two strands showed large three bond HNHa coupling 
constants and positive CaH chemical shift differences. Although 

W 
0 z z 

e 

-1 .o 1 I 1 I I I I I 

50 60 70 80 90 100 110 120 

RESIDUE NUMBER 

Fig. 3. Ratio of the  stcady-statc lH-"N heteronuclear NOEs with and  without 'H pre-saturation at 600 MHz for residues  Ala477 
Gly123 in hob-1.3s. Standard  deviations in the  measurements  are indicated by  error  bars. For residues  without  error  bars, the standard 
deviations  are  smaller than the symbol  size. 
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a l l  amide  proton  resonances in  strand IV show  slow  exchange. 
which is indicative of an inner  strand in a 0-sheet.  only the amide 
proton of the  middle  residue in  strand 111 ( V a l  76) did not exchange 
in  D20.  The  presence  of 21 strong t lss connectivity  between Val  X2 
and Leu X3 could  indicate a P-bulge  conformation i n  strand IV. 
similar  to  strand II. 

P-Strand V extends  from  residues  Glu 9 1 to  Asn 95. All residues 
except Ile 91 exhibited  rapid  amide  proton  exchange  indicative of 
a strand  at  the  edge  of 210-sheet. Strand VI (assigned  from Lys 101- 
Leu 106) is ;I less regular  strand.  and  its  beginning is difficult  to 
deline. ;IS several  preceding  residues  exhibit s m l l  positive  sec- 
ondary  chemical  shifts its well a s  long-range NOE connectivities. 
Further.  several  J-values  are  smaller  than  expected.  indicating that 
this  strand is less  regular  when  compared  to  most  other  strands.  A 
P-bulge is implicated by the  observation  of  strong (INS between 
Glu 103 and Lys 104. Strands VI1 (Ala 112-Gly 1 1 - 1 )  and VIl l  
(Leu 119-Gly 123) are  clearly  identiiiahle  from  their NOE pat- 
terns.  supported  primarily by large  positive CaH secondary  chem- 
ical shifts (up to 0.9 ppm)  and  continuous  pathways  of  unambiguous 
strong (I,,, and  mostly  weak t l , ,  sequential NOEs. Four out of 
five  residues in strand VllI  were  protected  against  amide  proton 
exchange.  indicative  of a ccntral  strnnd.  Small  ./-coupling  values 
for  several  residues.  and ;I strong ( I s s  between  Leu I 19 and Ile I20 
suggest  the  presence  of a p-bulge. 

Residues  Ala 59-Cly 63 between  the  P-strands 1 and 11. and 
residues  Ala 96-Gly IO0 between  strands V and VI  form  two  small 
loops. Although  they  have some long-range  interactions  with 
strand VI1 and  strand 111 (see below).  they  were not classified ;IS 

regular  P-strands  due  to  very  snlall CaH secondary  chemical  shifts 
and  the  absence of 'JIIs,l,r coupling  constants  of > X  Hz. Residues 
Lys 71-Asp 7 1  and  residues Lys 77-Gln X 0  appear  to  form  two 
type I I  p-ttlrns  based  on  their NOE patterns  (Wuthrich. 19x6). 
creating a turn-strand-turn-like  motif  around  strand 111. Similnrly. 
between  strands VI and VIII. residues Glu IOX-Asp I 1  I .  and 
residue>  Gln I 11-Gln 117 form  two  type I I  /?-turns  completing 
another  turn-strnnd-turn-like  motif  along  with  strand VI1 in  the 
middle.  Residues Ala 87-Met 90 arc  involved in  a hairpin 0-turn 
between  strands IV and V. with  the  biotinyl  residue  located i n  the 
( i  + 2)  position.  This  turn is recognized as  a type I '  0-turn by its 
specific NOE pattern ( Wiithrich.  1986). 

/3-.Yl(Y,l to['"lo<q!' 

The  eight  strands  observed i n  the I .3S subunit  of TC combine  to 
form  two  @-sheets.  each  containing  four  0-strands  of  almost  equal 
length  arranged in  ;~n antiparallel  fashion  (Fig. 5 ) .  This  topology 
was  established  on  the  basis of characteristic  interstrand NH-NH. 
NH-CuH. CaH-CaH NOEs (Fig.  6A) and  the  analysis of the 
amide  proton  exchange  data as described  above. In  particulnr. a 
large  number  of  strong  long-range CaH-CaH cross-peaks  werc 
observed in a ?D'H/'H-NOESY experiment.  These  cross-peaks 
nre indicative  of  characteristic  short  distances  between CaH- 
protons  remote in  sequence.  and  are a distinctive  feature  of  anti- 
parallel  P-strands.These  characteristic  cross-peaks  are  presented in  
a diagonal NOE plot (Fig.  6A).  Off-diogonal  peaks  indicate  the 
close  spatial  relationships  of  residues  remote in  sequence.  primar- 
ily of  residues in regions  assigned as P-strands.  The  antiparallel 
nature of the  sheets is exhibited by the  cross-peak  patterns  running 
normal  to  the  diagonnl.  Figure  6A  further  highlights  one tlnusual 
property of the sheets.  The  fourth  strand in  each  sheet  (strands I l l  
or VI I )  has  only  limited  contacts  with its adjacent  strand  (strand VI 
or II. respectively).  but  displays  several  short  distances  to  the loop 
preceding  these  strands (loop 6.6 nnd loop 1.2). This is schemat- 

Fig. 5. Overall P-sheet topoloey for h o b  I .3S as deduced from the NMR 
data. The residues  involved in the corresponding P-strands arc indicated 
with the residue numhcr. 
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Fig. 6. Comparison of short-range distances in the C-terminal folded do- 
mains of l .3S and BCCP. A: Off-diagonal squares indicate the presence of 
NOE cross-peaks between the respective residues in the NOESY experi- 
ments on I.%, indicative of distances <5 A. Backbone-to-backbone NOE 
cross-peaks are shown below the diagonal, while side-chain backbone 
NOEs are shown above the diagonal. B: Diagonal plot of short-range 
distances in the crystal structure of BCCP (Athappilly & Hendrickson, 

1996). 
199.5). The graph was generated with the program Molmol (Koradi et  al., 

ically illustrated in Figure 5 by the offset between the respective 
strands. 

Discussion 

In contrast to previous structural characterizations of biotin car- 
boxylase carrier proteins, this investigation focuses on the entire 

biotin carboxyl carrier domain (1.3s) of transcarboxylase. Our 
study was facilitated by the good solubility of the 1.3s subunit near 
neutral pH values. The results show that 1.3s comprises two in- 
dependent structural domains. The N-terminal domain ends close 
to Lys 51, and the C-terminal domain is comprised of residues 
Ala 52-Gly 123. 

The N-terminal sequences in BCCP proteins leading up to the 
structured domain differ significantly in length and primary se- 
quence (Samols et al., 1988; Athappilly & Hendrickson, 1995). In 
I .3S, the sequence consists of approximately SO residues that are 
essential for the protein's function (Kumar  et al., 1982; Shenoy 
et al., 1993a). Residues 32 to 55 are very rich in Gly, Ala, and Pro 
residues, and are predicted to form a flexible loop or linker in  the 
intact enzyme. This region before the folded domain of 1.3s is 
somewhat similar to the linker regions, which follow the lipoyl 
domains in  the sequences of E2-chains of dehydrogenases (Per- 
ham, 199 1 ; Berg & de Kok, 1997). The N-terminal26 resides have 
been shown to be involved in specific protein-protein interactions 
with  the other subunits to form the intact enzyme complex. In 
particular, residues 15-26 have been shown to bind to the outer 
subunits (5S), and residues 2-14 have been proposed to bind to the 
central subunits (12s) (Kumar et al., 1982). This sequence region 
contains an unusual (DV)?D motif, which has a high propensity to 
form an extended or p-conformation. Our data clearly show that 
the N-terminal domain is not interacting with the C-terminal do- 
main of the l .3S subunit (such as forming an additional strand with 
a sheet in the P-sandwich domain). It remains completely unstmc- 
tured as indicated by the low intensity of most of  its amide reso- 
nances due to chemical exchange, and most importantly, by the 
negative heteronuclear NOE values (Fig. 3). In future studies, i t  
will  be  of interest to determine the structural changes in this do- 
main, which are anticipated to occur upon interaction with the 
other subunits of the TC enzyme. 

Residues 53 to 123 of 1.3s form a compact, folded domain. Two 
antiparallel sheets were identified, each comprised of four strands. 
Further, the topology (Fig. 5 )  is consistent with that observed for 
lipoyl domains (Ricaud et  al., 1996; Berg & de Kok, 1997) and for 
the C-terminal fragment of BCCP of Acetyl-coA carboxylase 
(Athappilly & Hendrickson, 1995), to which 1.3s has a sequence 
similarity of 30% in the entire folded domain. The structural model 
and NMR-spectroscopic data for 1.3s also agree with those of 
BCCP (Yao et al., 1997). Examples are the very similar P-strand 
locations and lengths, albeit some strand assignments here differ 
from those by Yao et al. (1997) by one or two residues. With one 
exception, all P-bulges  are found in similar positions in strands IV, 
VI, and VIII. Moreover, in 1.3s several turns connecting the in- 
dividual strands were identified as having identical turn-types as in 
BCCP.  In particular, this was observed for the two turns around the 
short strands I11 and VII. These turn-strand-turn motifs, which run 
antiparallel to loops 1,2 and loop 5,6, were previously identified as 
unique structural motifs in BCCP and named "hammerhead" based 
on their appearance (Athappilly & Hendrickson, 1995). In 1.3S, 
we find evidence for  a similar close spatial proximity between the 
second turn in the hammerhead motifs and the respective loops. A 
large number of NOEs (Fig. 6A), and several slowly exchanging 
amide protons within the loop regions (Ala 59, Leu 61 and Gly 63, 
Ala 96, and Gly 100) were observed (Fig. 4). Thus,  it appears that 
the C-terminal domains of both BCCP and 1.3s have very similar 
tertiary structures. 

A noteworthy property of the folded C-terminal domain (from 
residues 53 to 123) of 1.3s is its degree of symmetry. If one divides 
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this domain into two halves centered around the biotinyl residue 89 
(as in Fig. 4, rows 1 and 2) these two halves exhibit nearly iden- 
tical NMR properties. As an example, secondary chemical shifts, 
which are particularly sensitive to the local structural environment, 
are very similar almost through the entire two halves of the do- 
main. Consequently, the secondary structure elements derived from 
these and the combined NMR data are nearly identical between 
these two regions. The only exception is P-strand I, which is two 
residues shorter than the equivalent strand V. Overall, the data 
suggest a very high twofold symmetry within the folded C-terminal 
domain. 

The internal twofold symmetry has previously been noted for 
BCCP. A closer inspection of the NMR spectroscopic data between 
1.3s and BCCP (Yao et al., 1997), however, indicates significant 
differences between these two protein domains. In BCCP, an in- 
ternal comparison of secondary chemical shifts between the two 
halves of the characterized domain shows significant differences 
(Yao et al., 1997). This reflects structural differences between the 
two symmetry-related halves, and suggests that in BCCP the in- 
ternal symmetry is lower than in 1.3s. The origin of this difference 
between the respective folds can, at this level, best be demon- 
strated by a comparison of the respective short-range distances 
observed for these two domains. Short range distance data for 
BCCP were derived from the crystal structure (Athappilly & Hen- 
drickson, 1995), and for 1.3s from the observation of cross peaks 
in 2D and 3D NOESY experiments (Fig. 6A,B). In these figures, 
antiparallel strands are identifiable by rows of close distances be- 
tween residues running normal to diagonal, establishing the close 
spatial relationships between the strands. Again, the high internal 
symmetry in 1.3s is obvious (Fig. 6A), as an exchange of the two 
halves (residues before residue 89 and residues after) would yield 
a nearly identical pattern. Such an exchange would not  be possible 
for BCCP (Fig. 6B). Although in general a very similar pattern is 
observed, the symmetry is interrupted by an approximately seven- 
residue insertion between P-strands I1 and 111. This region in BCCP 
has been named the protruding thumb (Athappilly & Hendrickson, 
1995), but this thumb is absent in 1.3s. 

As a consequence of the insertion  of the "thumb"  in  the  N-terminal 
half  of  BCCP, both halves of the 1.3s domain are more similar to 
the C-terminal half than to the N-terminal half  of the BCCP do- 
main. Secondary structure assignments as well as the secondary 
CaH chemical shifts are very similar between the C-terminal halves 
of these two domains, i.e., residues 89-123  in 1.3s and 122-156  in 
BCCP. Similarly, the NMR data of residues 54-88 in 1.3s show 
nearly identical secondary properties to residues 122-156 in BCCP. 
The same observation can be made on the sequence level, as a 
basic sequence alignment (Altschul et  al., 1990) matches residues 
56-86 of 1.3s with residues 126-156 of BCCP. 

The lack of the protruding thumb in 1.3s is consistent with 
previous observations (Reddy et  al., 1997). The characterization of 
the properties of the biotin moiety on 1.3s indicated that, in the 
absence of other subunits, the biotin is not interacting with the 
protein moiety of the 1.3s carrier domain. In contrast, the crystal 
structure of BCCP exhibited steric and hydrogen-bonding inter- 
actions between biotin and the protein involving a pocket formed 
between one antiparallel sheet and the protruding thumb. Yao et al. 
(1997) have suggested that for  BCCP in solution similar biotin- 
protein interactions occur. The absence of such interactions in 1.3s 
can be explained given the absence of the thumb. which is respon- 
sible for the majority of  protein-biotin interactions in BCCP (Athap- 
pilly & Hendrickson, 1995). Nevertheless, the role of the thumb 

and the significance of the presence or absence of protein-biotin 
interactions within the subunit for the mechanism of action remain 
undetermined. 

In conclusion, the presented data characterize I .3S as cornpris- 
ing of two domains. The C-terminal domain is folded and exhibits 
a compact P-sandwich structure nearly identical to BCCP and 
lipoyl domains. The domain is highly symmetric and lacks an 
extension called the "protruding thumb"in the BCCP protein. The 
N-terminal domain is found to  be completely unstructured in so- 
lution, but it may  be at least partially structured in the intact TC 
protein, as it encompasses the regions required for the proper 
enzyme assembly. 

Materials and methods 

Protein  expression and purification 

"N-labeled 1.3s subunit was obtained by growing the overpro- 
ducing strain of E. coli (CSH  26) containing ptac I .3t plasmid in 
minimal medium at 37°C with  "NH4C1 as the nitrogen source. 
The minimal medium contained 48 mM Na2HP04.  7H20, 22 mM 
KH2P04, 8.6 rnM NaCI, 94 mM "NH4CI, and 0.35 mM proline, 
2 mM MgS04, 22  mM glucose, 0.1 mM CaCI2, 0.5 mM biotin 
(unlabeled), and 0.03 mM thiamine. Protein production was  in- 
duced using IPTG solution (0.4 mM final concentration) after the 
cells reached a density of 0.8  OD, and then continued to grow the 
cells  for another 20 h before harvesting. The "N-labeled protein 
was then isolated as described previously for unlabeled I .3S WT 
(Shenoy et al., 1993b). 

NMR spectroscopy 

NMR experiments were performed on a 2-mM holo-1.3s protein 
sample in 90% H20/10%  D20 (v/v). The sample pH was adjusted 
to 6.5 (not corrected for deuterium isotope effects) by addition of 
small volumes of DCI/NaOD,  and DSS (0.1 mM) was added as an 
internal standard. Spectra were recorded on Varian UNITY Plus 
600 MHz and INOVA 500 MHz spectrometers equipped with pulsed 
field gradient units and triple-resonance probes with  an actively 
shielded z-gradients. The following experiments were recorded at 
20°C: 2D lH-15N HSQC (Kay et al., 1992), "N-NOESYHSQC 
(Marion et al.,  1989) spectra with a mixing time of 150 ms, 15N- 
TOCSYHSQC (Zhang et al., 1994) spectra with various mixing 
times (30-60 ms), HNHA (Vuister & Bax, 1993), and HNHB 
experiments (Archer et al., 1991). All the heteronuclear experi- 
ments are improved pulsed field gradient, selectively enhanced 
experiments (Palmer  et  al., 1991) with water flip-back pulses for 
water suppression (Kay, 1995), with the exception of the HNHA 
experiment, which utilized jump and return water suppression. 
Typical carrier frequencies employed were 4.82 ppm for ' H  and 
118.98 ppm for I5N. I5N decoupling was performed during acqui- 
sition with WALTZ-16 (Shaka et al., 1983). The data sets were 
processed using shifted sine-bell apodization and zero filling in  
both dimensions. Spectra were processed using the NMRPipe soft- 
ware system (Delaglio et al., 1995) and analyzed with the peak 
picking program PTPP (Garrett et al., 1991). 

Amide-hydrogen exchange rates were determined by lyophiliz- 
ing the protein from H 2 0 ,  dissolving the protein in DzO. A series 
of 2D 'H-"N HSQC spectra at 25 "C and pH 6.0 were recorded on 
Varian INOVA 500 MHz spectrometer at intervals beginning 5 min 
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after the addition of DzO, using 1,024 data points in F1 and 160 
complex increments in F2 dimensions with eight scans per incre- 
ment. Hydrogen exchange was followed for 4 days. A 2D NOESY 
spectrum was recorded at 20°C and pH 6.5 in D20, with a col- 
lection of 2,048 data  points in F2 dimension, 256 complex data 
points in FI dimension with 16 scans per increment, and a mixing 
time of 100 ms. In order to remove the "N-IH couplings a 180" 
refocusing pulse was used  in the t l  evolution period, and WALTZ-I6 
decoupling was applied during acquisition. 

'H-"N steady-state NOE values were determined by HSQC- 
based pulse sequences (Farrow et al., 1994) at 20 and 25 "C. The 
spectra were recorded in the presence and absence of a 'H satu- 
ration period of 3 s, with an overall relaxation delay of 5 s for both 
experiments, 1,024 data points in  tz and 128 complex increments 
in t l  with 16 scans per increment. All spectra were measured in 
duplicate, as well as at 600 and 500 MHz. 
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