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ABSTRACT. Transcarboxylase (TC) is a biotin-containing enzyme catalyzing the transfer of a carboxyl
group from methylmalonyl-CoA to pyruvate to form propionyl-CoA and oxalacetate. The transfer is
achievedvia carboxylated biotin bound to a 1.3S subunit within the multisubunit enzyme complex. The
1.3S subunit of TC is a 123 amino acid polypeptide, to which biotin is covalently attached at Lys 89. We
have overexpressed 1.3SHscherichia coliand characterized the biotinylated and apo-forms by 1D- and
2D-NMR spectroscopy. To search for proteipiotin interactions, which could modulate the reactivity

of the biotin ring on the 1.3S subunit, we have compared the chemical shifts, relaxation parameters, and
NH exchange rates of the ureido ring protons of free and 1.3S-bound biotin. These properties are similar
for both forms of the biotin. Further, NOE experiments on 1.3S revealed no detectable cross peaks between
biotin and the protein. Consistent with these findings, the 2D NMR data for holo- and apo-1.3S are
essentially identical indicating little or no changes in conformation between the two forms of the protein.
The conclusion that strong proteiiiotin interactions do not exist in 1.3S contrasts with the findings for

the biotin carboxylase carrier protein frdin coli acetyl-CoA carboxylase, which reveal significant bietin
protein contacts [Athappilly, F. K., and Hendrickson, W. A. (199Bjucture 3 1407-1419]. Further,

the biotin NH1 exchange rates determined for 1.3S show that in the region of optimal activity for TC
(pH 5.5-6.5) acid-catalyzed exchange predominates. In this pH range the base-catalyzed rate is too
small (<1 s™1) to account for the turnover rate of the enzyme. Thus, the means by which tretdyi

is activated for nucleophilic attack of the carboxyl group in methylmalonyl-CoA does not appear to depend
on interactions within the 1.3S subunit alone; rather activation must occur at the interfaces of the subunits
in the holoenzyme.

Biotin (Figure 1) is the essential cofactor for those enzymes
that transfer units of carbon dioxide in metabolic pathways.
Within these proteins, biotin functions as a carrier of the
CO, moiety. Biotin-containing enzymes are found through- AN
out the living world and are important in human well-being.
Four biotin-containing carboxylases are involved in the
carbon chain elongation steps in mammalian metabolism,
i.e., in gluconeogenesis, fatty acid synthesis, propionate &

metabolism, and in the catabolism of leucirg. ( H““ =
I . . H H H H S Hb
Transcarboxylase (T€Jrom Propionibacterium shermanii
occupies a unigue position among biotin-containing enzymes Biotin

because it catalyzes the transfer of a carboxyl group from ggyre 1: Numbering scheme in biotin.

methylmalonyl-CoA to pyruvate to form propionyl-CoA and

oxalacetate without the involvement of free £®ICO;™, different subunits types (1.3S, 5S, and 12S). In the intact

or ATP (2). TC is a complex, multi-subunit enzyme bk form of TC, there are a total of six 12S monomers in a

= 1200K, composed of 30 polypeptide chains of three cyjingrical central unit, twelve 5S monomers in six dimeric
o outer 5S subunits, and twelve 1.3S subunits. The latter
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CH,CH(COO )COSCoA+ 1.3S-biotin =2>2ubunt §0Iution. In each case, DSS (0.1 mM) was added as an
o B internal standard.
CH,CH,COSCoA+ 1.3S-biotin—COO (1) Two-dimensional DQF-COSYI1(, 1§, TOCSY (19, 20,

and NOESY R1-23) experiments were carried out at 20
The biotin then translocates to the interface between the 1.35°C and at pH 6.9 for holo-1.3S and at pH 6.5 for apo-1.3S.
and 5S subunits, and the COGpecies is taken up by Mixing times of 50 ms in TOCSY and 350 ms in NOESY
pyruvate to form oxalacetate: experiments were used. Usually,-182 transients with a
relaxation delay of 1.5 s were collected for each FID. A
I _ —5S subunit sweep width of 6600 Hz was used in bo#2 and F1
1.35-biotin—COO" + CH,COCOO dimensions. The acquired data consisted of 2048 data points
~OOCCH,COCOO + 1.3S5biotin (2) in F2 and 256-300 complex data points in il dimension.
The data were zero filled to give a spectrum of 46982048

In the entire carboxylase family of enzymes biotin can be dgta points after Fourier tran_sfor_mation. _Shifte(_j sine bell
viewed as the vehicle to carry and deliver carbon dioxide Window functions were applied in both dimensions. All
(4). The structural and electronic properties of the biotin SPectra were referenced to the signals of the methyl group
molecule itself, which facilitate these roles, have been the Protons of DSS (0.0 ppm). _
subject of much attention from chemists and biochemésts ( The 'H 1D NMR variable temperature experiments on
12). The enzymatic carboxylation @kbiotin involves the ~ 10l0-1.3S and free biotin were carried out from 5 to°&D
replacement of the Niureido proton by a carboxyl group. For each _spectrum 64 transients were collected with a
Knowles (L3) has reviewed the work which addresses the Presaturation delay of 1.5's.
problem of how the Nlposition of the biotin ring becomes Determination of Biotin Ureido NH Proton Exchange
carboxylated in view of the low nucleophilicity of that ~Rates. The hydrogen exchange rates of the biotin ureido
nitrogen. Especially pertinent are the observations of Mild- N9 NH protons were measured by the saturation-transfer
van and co-workersld), confirmed and refined by Perrin technique and selectivg measurement_s pf the |nd|V|o_IuaI
and Dwyer (5) that the exchange of biotin ureido NH proton rgsqnance$4, 15, 24 for free biotin and protein-
protons with water occurs at rates comparable to the rate of?0Und biotin. When the exchange rate,( between the
enzyme-catalyzed carboxylation of biotin. Thus, at neutral /aPile amide proton and water is equal to or faster than its
pH and higher, base catalyzed exchange of the ureido NH SpPin—lattice re_:laxatlon rate (f_l'/l), saturation of the solvent
protons can generate a nucleophilic 8pecies at a rate high ~ resonance will reduce the intensity of the exchangeable
enough to account for the rate of biotin carboxylation. proton resonance according to eq 3:

In the present work we measured the exchange rates of ; PP ; _
the ureido NH protons for biotin on the 1.3S protein. They fractional amide intensitd {flg) = 1/(1+ ko) (3)
resemble closely those _found for free blotln._ In addition, wherel; andl, are the NH proton intensities in the presence
there are close parallels in other NMR properties of free and gnq apsence of solvent irradiation, respectively. Similarly,

1.3S-bound biotin.  Thus, we find no evidence for 138  1he measured relaxation rate TP will be greater than
protein—biotin interactions activating the NJposition for the intrinsic rate (IV;) according to eq 4:

nucleophilic attack. It is therefore likely that activation of
the NI atom for attack toward COis a property of the LT, = 1T, + k,, (4)
interface between 1.3S and 12S subunits.
The 17T, can be calculated from measured fractional amide

MATERIALS AND METHODS proton intensities and relaxation ratesT{®#9) by using egs

Sample Preparation DSS and BO were purchased from 3 and 4. Since hydrogen exchange is acid- and base-
Cambridge Isotope Laboratories (Andover, MA), ahiotin catalyzed, measurement of the pH dependence of the
was purchased from Sigma Chemical Company (St. Louis, fractional amide intensity gives acid- and base-catalyzed rate
MO). The recombinant 1.3S subunit was expressed in constantsk+ andkon-, respectively, by eq 5:
Escherichia coliand purified according to Shenoy et dlf),

_ + -
using affinity chromatography on an avidin-monomeric Kex = kiy+[H3O0] + Koy [OH ] or
agarose column and by C8 reverse phase HPEC coli

cells were grown on minimal M-9 media with added biotin Koy = kipe x 107PH + kg x 10PHPKw

to improve the yield of the biotinylated form of 1.3S. The

biotinylated 1.3S (holo-protein) and the apo-1.3S subunit, |ogk = Iog(kH+[H+] + 0.68092x 10—14koH—/[H+]) (5)

both of which bind to the avidin column, were separated on

an ether-5PW column using hydrophobic interaction chro- with pKy, being the ionic product of water at 2C.

matography, yielding about 10 mg of holo-1.3S and 30 mg  The T, values were measured by an inversioacovery

of apo-1.3S per liter of medium. method, using symmetrically-shifted shaped pulses (SS
NMR SpectroscopyNMR experiments were carried out pulses) for the 90observation pulse, as well as for the 180

on a Varian Unity Plus spectrometer operating at a proton inversion pulse. This method allowed us to invert both biotin

frequency of 600 MHz. Approximately 10 mg of lyophilized NH protons selectively without excitation of the water signal

holo- or apo-1.3S were dissolved in 50600 uL of 90% and thereby helped to suppress the large water si@%al (

H,0/10% DO (v/v) to yield ~1.5 mM protein solutions.  The fractional amide intensities were measured again using

For comparison 0.6 mg af-biotin was dissolved in 608L SS pulses for a 90observation pulse in 1D-NMR experi-

of 90% H0/10% DO (v/v) to give an approximately 4 mM  ments with and without presaturation, and 128 scans were
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holo-1.3S

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 ppm

FiGure 2: Comparison of amide proton region of 1D spectra of apo- and holo-1.3S protein$@ti2®0% HO/10% DO (v/v) and pH
6.4 and 6.5, respectively, showing close similarities in two forms of the protein. The biotin ureido NH proton resonances in the holo-protein
are labeled and are absent in the apo-protein.

acquired for each spectrum with a delay of 1.5 s. pH Table 1: *H NMR Chemical Shifts ¢, ppm) for Biotin and
titrations were carried out at 2UC, from pH 4.50 to 8.12  1.3S-Biotin in 90% H0/10% DO (v/v) at 20°C and pH 6.5 and
for holo-1.3S protein and from 4.63 to 7.94 for free biotin, &2 Respectively

Each time the sample pH was adjusted with small amounts__proton biotin 1.3Sbiotin  AJ(1.3S-biotin—biotin)

of DCI or NaOD, and after the NMR measurements the pH  NH3 6.52 6.48 —-0.04
stability was verified with a pH microelectrode (Microelec- ~ NHY' 6.39 6.42 0.03
trodes Inc., Bedford, NH) that fits into the NMR tube. 2: 3'23 j'gg _Ooogo
Reported pH values were not corrected for deuterium isotope syga 3.00 297 —0.03
effects. 5Hb 2.77 2.76 —-0.01
2H 3.35 3.32 —0.03
6Ha 1.71 1.72 0.01

RESULTS AND DISCUSSION 6Hb 159 158 —001
Lo . . - 7H2 1.41 1.40 —-0.01
Similarities between Ureido NH Protons in Free Biotin 8H2 1.60 1.64 0.04
and in 1.3S 9H2 2.19 2.25 0.06

@ The chemical shifts are measured with respect to the internal DSS

1 . . - I
H Chemical Shifts and Connedities. A partial *H 1D at 0 ppm. The error in the chemical shift measuremegtd1 ppm.

NMR spectrum of holo-1.3S is shown in Figure 2. The

resonance dispersion in this region and in the aliphatic region
(not shown) indicates the folded nature of the protein. The
figure further demonstrates that biotin’s ureido protons, NH1

and NH3, are separated from the protein amide region,

resonating at 6.42 and 6.48 ppm, respectively. These and
the remaining biotir-proton resonance assignments in the
1.3S-hiotin complex (Table 1) were determined ustht-

'H homonuclear 2D DQF-COSY and 2D TOCSY experi-
ments.

for an intramolecular hydrogen bond formation between
biotin’s carboxyl group and the NH.3 The chemical shift
data provide the first indication that the biotin on the protein
is not being perturbed significantly by the protein.

An expanded region of the 2D NOESY spectrum, showing
the NOE connectivities between the biotin ureido protons
NH1' and NH3, and other protons in the proteitiotin
complex, is given in Figure 3a. The NH&hows strong
NOE cross peaks with the 4H, 5Hb ring protons and weak

With few exceptions, the chemical shifts observed for the NOEs with the 3H, 5Ha ring protons and the 7H2 and 8H2
biotin moiety in 1.3S are identical within experimental error  side-chain protons. At the same time, NH®iows strong
to those of free biotin determined here (Table 1), or NOE cross peaks with the 3H ring proton, the 6Hb side-
previously reported?6). Due to the covalent linkage to the  chain proton, and weak NOEs with the 6Ha and 7H2 side-
protein, i.e. the amidification of biotin’s carboxyl group with  chain protons. Figure 3b shows an expansion of the 2D
Lys 89 in 1.3S, 8H2, and 9H2 are shifted by 0.04 and 0.06 NOESY spectrum which includes the ureido NEmide
ppm, respectively. Similarly, the chemical shift difference NOE interactions in the proteirbiotin complex. Under the
(A0) between the ureido protons NH#nd NH1 is reduced experimental conditions employed, NOEs with the biotin
to 0.07 ppm versus 0.13 ppm in free biotin (Table 1). This ureido protons would be expected to be observed for any
reduction inA¢ also originates in the amidification of biotin’s  stable biotir-protein interactions that involve short proten
carboxyl group, as methyl ester formation already reduces proton distances. However, no such NOE cross peaks were
the Ao to 0.08 ppm 14). This observation has been observed indicating the absence of significant interactions
attributed to a sterically caused reduction in the propensity between the biotin ureido ring and the protein backbone. All
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Ficure 3: 2D H—'H NOESY spectra of holo-1.3S protein at pH 6.9 and’20n 90% HO/10% DO (v/v). (a) Expanded region shown
includes through space correlations between biotin ureido NH protons and aliphatic protons; the intraresidual NOEs within the biotin are
labeled, “n” indicates noise. (b) Expanded region containing arréaeide NOE interactions in the protein showing that the biotin ureido

NH protons have no detectable NOEs with the protein amide protons.

Table 2: Summary of Proton-Exchange Measurements and Temperature Coeffla}énisfor Ureido NH Protons for Free Biotin and
1.3S-Biotin at 20°C in 90% HO/10% DO (V/v)?

biotin 1.3S-biotin
NHY' NH3' NHY' NH3'
T1(s) 1.90 1.80 0.95 0.85
kit (M~1s7Y) 1.8 (=0.06) x 10° 0.4 (+0.02) x 1CF 2.8 (*0.1) x 10 0.2 +0.01)x 1C¢
kow- (M~ts71) 5.0 *0.2) x 10/ 0.9 *0.07) x 10’ 4.3 (*0.2) x 107 1.1 0.05)x 10
ASIAT (ppbFC, at pH 6.5) -5.8 —-6.7 -5.8 —-6.7

aErrors in measurement df values aret0.05 s. The exchange rates were obtained by nonlinear least-squares fitting of the pH dependence of
biotin NH proton exchange data to eq 5, usihigvalues in the Table. Errors in the calculation of exchange rates are given in parentheses.

the NOEs involving the biotin NHs were found to be The data were fitted with a nonlinear least-squares procedure
exclusively intraresidual, i.e. between the NHs and other to obtain rate constants (Table 2). For the free biotin the
protons on the biotin cofactor. rate constants are in agreement with the values obtained by
NH Exchange Rates of BiotinThe hydrogen-exchange Perrin and Dwyer 15). In comparison to free biotin, the
rates of the biotin ureido protons NHand NH3 were acid-catalyzed rate constants for Nthd NH3 in the 1.3S-
obtained for a range of pH values for the free biotin and the biotin complex show a 50% increase and decrease, respec-
protein-bound biotin. Figure 4 shows a plot of the rate tively. However, for the base-catalyzed exchange only smalll
constants vs pH for biotin bound to 1.3S and for free biotin. changes (20%) are seen for the two ureido protons.
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(a) 1.3S-biotin Variable Temperature Studies!H NMR data were
2 T T T obtained in the temperature range from 5 to°&Dfor the
1 holo-1.3S protein and for free biotin. No major changes were
. observed in the protein chemical shifts, which indicate that
. ] significant structural changes in the protein did not occur.
] The chemical shifts of the two ureido-ring protons of biotin
3 changed linearly over the entire temperature range analyzed.
] The temperature coefficients of amide proton chemical shifts
] (AO/AT) values are—5.8 and—6.7 for NHI and NH3
1 protons, respectively, for both free and protein-bound biotin
e ] (Table 2). For free biotin thAd/AT values are similar to
PN T T those reported by Fry et all4). Again, this suggests that
4 5 6 7 8 9 the environment about the ureido NHs is similar for free
pH and protein-bound biotin and that strong protelmotin
interactions, steric or hydrogen-bonding, are absent. Further,
(b) biotin the observed linearity in thAd down to 5°C suggests that
2 P T the NH protons are not involved in interactions even at low
temperatures.

1.5

T T
|

0.5

log k

TTT T

S

3]
T
1

E Similarities between the Holo- and Apo-1.3S Proteins

Proton 1D and 2D'H—'H homonuclear DQF-COSY,
] TOCSY, and NOESY experiments were performed on the
] apo-1.3S protein under similar conditions to those used for
: the holo-1.3S protein. The amide proton regions of'tde
> 1D spectra for the apo- and holo-proteins are compared in
1 Figure 2. Expanded fingerprint regions of the 2D TOCSY
overlayed spectra of the holo- and apo-proteins are shown
pH in Figure 5. The striking similarities in the 1D and 2D

Ficure 4: log k vs pH graphs for () holo-1.3%iotin and (b) spectra for the holo- and apo-forms strongly suggest that the

free biotin in 90% HO/10% DO (v/v) at 20°C. The lines through ~ Protein fold is identical for the holo- and apo-1.3S proteins.
W for NH1' and through® for NH3' are nonlinear least-squares

fits of pH dependence of the biotin ureido NH proton exchange Differences in the Biotin Efironments in the 1.3S and in
data to eq 5T values and the exchange rates obtained are given the Biotin Carboxyl Carrier Protein

in Table 2.

log k
o
(3]

T

Recently, Athappilly and Hendrickso27) determined the

TheT; relaxation times of NH1and NH3 for the protein-  crystal structure of a fragment (corresponding to residues
bound biotin are 0.95 and 0.85 s, respectively, compared t077—156 in the intact protein) of the biotin carboxyl carrier
the values of 1.90 and 1.80 s for free biotin. The observed protein (BCCRy), the biotinyl subunit found ifE. coli acetyl-
relaxation times for biotin on the protein show that as CoA carboxylase. The fold of BCGPcomprises two sets
expected its motion is restricted when it is linked to the of four antiparalle|3-strands/31—/38. It may be described
protein. However, the NHland NH3 relaxation times are  as a cappeg@-sandwich, and has a quasi-dyad symmetry.
significantly larger than the relaxation time of protein Each symmetry half contains a “hammerhead” motif, which

backbone amides (0-D.5 s) indicating that the moiety still  is a characteristic structural motif of the superfamily of
retains considerable mobility or flexibility. enzymes of biotinyl and lipoyl domain27, 29. In BCCR,,
(pgxzn)—'
8.6~ <=3
1 ©
8.8 S
9.0 <L
T 28
9.2
= =i
9.4
E =
IIIIIIIII’IIIII]III'IIIIIIIIllllllIllII
5.5 5.3 5.1 4.9 4.7 4.5 4.3 4.1 3.9 3.7 3.5
Fl (ppm) Fl (ppm)

Ficure 5: Expanded regions of 2D TOCSY overlayed spectra, showing very close structural similarities of holo- and apo-1.3S proteins.
The given expanded regions show the through bond correlations in the finger print region of the spectrum. Thick contours for the holo-
spectrum and thin contours for the apo-spectrum are used in the display. The spectra were recorded at pH 6.9 for holo- and pH 6.5 for
apo-protein in 90% kD/10% B0 (v/v) at 20°C.
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Ficure 6: Sequence alignment between BGC#hd 1.3S proteins. The letter “B” indicates thestrands in BCCR and the predicted

f-sheet structure in 1.3S by secondary structure predictions. The residue numbering in the respective sequences are given above and below
the sequences. The region corresponding to the thumb-like structure insBl@@Reen residues 93 and 102 is labeled as “thumb” above
the sequence. In the sequences markéarid * indicate identical and similar residues, respectively. The alignment was done using the

SEQSEE program3Q).

the biotinylated lysine 122 is located at a hairglfturn
betweenf4 and 55 connecting the N-terminal and the
C-terminal halves. The biotin group is partially buried in
the surface of BCCR with the ureido ring positioned
between the protein core and a “thumb-like” protrusion

chosen alignment parameters, but multiple sequence align-
ments of BCCR, 1.3S, as well as four other biotinylated
domains (data not shown) using SEQSBB)(and published
sequence comparison®7j also indicate the possibility of
deletions occurring in this sequence region in various

formed by residues 94 and 101. In the present context, themembers of the superfamily. These observations suggest

“thumb” and its association with biotin is the most intriguing

that polar residues such as Thr 94 in BGQRight not be

feature of this structure. It renders the ureido ring protons suitably positioned to hydrogen bond with biotin in 1.3S.

largely inaccessible from the solvent, with the NHbting
completely buried. Several protein groups (Tyr 92-Pro 97,
lle 117) are located withi5 A of thebiotin moiety. Further,

Also, it is possible that the entire “thumb” like protrusion
observed in BCCR might not exist in other members of
the superfamily such as 1.3S, which would explain our

the structure exhibits very specific interactions between the experimental observation that the biotin in 1.3S is not

ureido ring and the protein moiety in this region. Two

interacting with the protein. The relevance of these structural

hydrogen bonds are formed between the side-chain -OH anddifferences between BCGRand 1.3S to biotin activation is
main-chain oxygen atoms of Thr 94 with the ureido carbonyl not clear. The observed intramolecular interactions between
(02) and N1-H atoms of biocytin, respectively. protein and biotin moieties in BCGPare not necessarily
Interestingly, our results provide no evidence for a strong relevant for enzyme catalysis, as the enzyme is also
interaction between biotin and the protein in 1=3#otin functional (albeit with significantly reduced activity) with
complex. A comparison of the chemical shifts, temperature biotin as a non-covalent cofactor. Further, one could
coefficientsAd/AT values, and amide proton exchange rates speculate that the local biotin conformation has to signifi-
as well as relaxation experiments for free biotin and protein- cantly change to allow for carboxylation of the largely buried
bound biotin indicates that the biotin on holo-1.3S protein ureido ring.
has little interaction with the protein. Furthermore, in the
2D NOESY spectrum of the holo-1.3S protein (Figure 3a,b),
no NOE cross peaks were observed between the biotin NHs
and the protein and thus there are no indications of hydrogen An important observation concerns the pH profile for the
bonding between the ureido ring and protein backbone and/rates of exchange of the NHgroton seen in Figure 4. The
or side-chain groups. Thus, it appears that the biotin is in pH profile for biotin bound to 1.3S shows a strong similarity
different environments in BCGPof E. coli acetyl-CoA to that for free biotin. This raises an interesting issue
carboxylase and in 1.3S of transcarboxylase. One obviousregarding the carboxylation mechanism for biotin in TC in

Relevance of NH Exchange Rates of 1.3S TC to
Mechanism

difference is that the X-ray results on BCGPertain to the

its optimal pH range for activity, which is between pH 5.5

solid phase, while the present NMR results address the6.5 (30, 39. To explain the reactivity of the Nlureido

conformation in solution.

Structure-based sequence alignmegfg @8 as well as
other multiple sequence alignmen®9( 30 showed that the
overall fold of biotinyl and lipoyl domains is similar. Thus,

these proteins seem to form a superfamily of enzymes.

Similarly, a direct alignment of BCGPand TC 1.3S (Figure

atom toward C@ Knowles (L3) postulated that the reactive

N~ species is generated by base catalysis at a rate comparable
to that seen for the overall turnover rate for TC. This may
indeed be true for 1.3S at pHs above 7.5 (Figure 4).
However, from the second-order rate constant for base-
catalyzed exchange, 48 10/ M~* s71 (Table 2), we can

6) and a sequence identity of 30% supports the suggestioncalculate the rate of formation of the Nlspecies to be
that structurally these two domains will have the same overall between 0.14 and 1.4 sbetween pH 5.5 and 6.5, respec-

fold. In particular, the5-strands in the structure of BCGP
align well with -sheet structure in 1.3S predicted by
secondary structure prediction algorithr8$,(32. However,

it can be seen that the alignment is good only in the
C-terminal part of the two proteins. The N-terminal protein
halves, especially between residues-32 for 1.3S and 77

105 in BCCR,, exhibit only low similarity (18%) and a
7-residue deletion occurs in 1.3S. In BCEHis region
includes the “thumb” like structure which is interacting with

tively. These rates are considerably less than the turnover
rate of~66 s measured for TC30, 39. In the pH range

of optimal activity we see that acid-catalyzed exchange
predominates, but Perrin and Dwye&r5| have eliminated
this as a possible mechanism to activate the &ttm for
attack on a C@group or molecule. Using the second-order
rate constant of & 10> M~* s71, the rate of formation of a
protonated reactive isourea form of the ureido ria§)(is
calculated to be 1.& 10 3s!at pH 5.5. Thus, neither the

biotin. The shown alignment (Figure 6) is dependent on the base-catalyzed generation of ‘NInor the acid-catalyzed
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formation of an isourea-like species can generate a species 12.

fast enough to account for the reactivity of the' Mitrogen
inintact TC. Therefore, the means by which'lactivated
for the nucleophilic attack of the carboxyl group of meth-
ylmalonyl-CoA remains an open question.

CONCLUSIONS

In this study no evidence was found for significant
interactions between biotin and its 1.3S carrier protein.
Moreover, contrary to Knowles’ proposdl3), in 1.3S base-
catalyzed generation of a Nhegative species occurs too
slowly to account for the reactivity of biotin toward G
the holoenzyme at the physiological pH in propionic acid
bacteria. Together these two findings lead to the notion that
activation of the N1atom occurs at the interface between
1.3S and its substrate-bearing 12S partner.
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