7964 Biochemistry2001,40, 7964-7972

Biosynthesis ob-Alanyl-Lipoteichoic Acid: The Tertiary Structure of amsAlanyl
Carrier Proteiit?

Brian F. Volkman,*®' Qunying Zhand'*# Dmitri V. Debabov;'@ Edwin Rivera}:* Gordon C. KreshecR," and
Francis C. Neuhaus*

Department of Biochemistry and National Magnetic Resonance Facility at Madisonetdity of WisconsirMadison,
Madison, Wisconsin 53706-1544, Department of Biochemistry, Molecular Biology and Cell Biology, Northwestersityni
2153 Sheridan Road,&Anston, lllinois 60208-3500, and Department of Chemistry, Northern lllinois/&fsity,
DeKalb, Illinois 60115

Receied February 20, 2001; Résed Manuscript Receéd April 30, 2001

ABSTRACT: Thep-alanylation of lipoteichoic acid (LTA) allows the Gram-positive organism to modulate

its surface charge, regulate ligand binding, and control the electromechanical properties of the cell wall.
The incorporation ob-alanine into LTA requires the-alaninep-alanyl carrier protein ligase (AMP-
forming) (Dcl) and the carrier protein (Dcp). The high-resolution solution structure of the 81-residue (8.9
kDa) Dcp has been determined by multidimensional heteronuclear NMR. An ensemble of 30 structures
was calculated using the torsion angle dynamics approach of DYANA. These calculations utilized 3288
NOEs containing 1582 unique nontrivial NOE distance constraints. Superposition of resid@&od

the mean structure yields average atomic rmsd values of 8.838 and 0.86t 0.09 A for backbone

and non-hydrogen atoms, respectively. The solution structure is composed odithediees in a bundle

with additional short @- anda-helices in intervening loops. Comparisons of the three-dimensional structure
with the acyl carrier proteins involved in fatty acid, polyketide, and nonribosomal peptide syntheses support
the conclusion that Dcp is a homologue in this family. While there is conservation of the three-helix
bundle fold, Dcp has a higher enthalpy of unfolding and no apparent divalent metal binding site(s), features
that distinguish it from the fatty acid synthase acyl carrier protelasaherichia coli This three-dimensional
structure also provides insights into tbealanine ligation site recognized by Dcl, as well as the site
which may bind the poly(glycerophosphate) acceptor moiety of membrane-associated LTA.

p-Alanyl-lipoteichoic acid -alanyl-LTA)! is a macro- these organisms, the hydrophilic backbone of this polymer

amphiphile that plays a vital role in the growth and is composed of poly(glycerophosphate) (Gro-P). The per-
development of the Gram-positive organism. In many of centage of Gro-P units that are substituted widlanyl ester
residues varies from 10 to 70%)( Esterification of LTA
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Dcp provides an essential link between the ligase and thequadrupole mass spectrometer equipped with an electrospray
incorporation ofb-alanine into LTA. The gene that encodes ion source. This mass value corresponded to a lev&Nof

this carrier protein, designatelitC, has been characterized incorporation of>94%. The [UN,3C]apo-Dcp was pre-

in Lactobacillus rhamnosuépreviously designatetiacto- pared with pDCP1 in BL21(DE3) cells grown in M9 medium
bacillus casei ATCC 7469 B, 4) and Bacillus subtilis(5, (15) containing 20% Celtone-CN, 196C-labeled glucose,

6). DItD functions in the selection of the correct carrier and 1%'*N-labeled NHCI. All other conditions for growth,
protein (Dcp) for ligation and in the hydrolysis of mischarged induction, and isolation of [J2N,*3C]apo-Dcp were the same
p-alanyl-ACPs 7). as for [U**N]Japo-Dcp.

We have hypothesized that Dcp is a homologue of the  Differential Scanning CalorimetryCalorimetric measure-
acyl carrier protein (ACP) involved in fatty acid biosynthesis ments were performed with the VP-DSC MicroCalorimeter
(3). This was based on (i) the ability of apo-Dcp to be (MicroCal Inc., Northampton, MA) with a scanning rate of
processed by holo-ACP synthase, (i) the ability of Dcp and 1.0 °C/min. An appropriate baseline was obtained that
ACPs to be ligated witlb-alanine in the reaction catalyzed reflected the heat capacity difference before and after the
by Dcl, (i) amino acid similarity around the phospho- transition. The van't Hoff enthalpy change for the thermal
pantetheine attachment site, and (iv) the similarity of the transition was given by the expressidf(
predicted secondary structure to that established for AcpP.

The goal of this study was to determine the structure of Dcp AH,, = AR(Tl,z)Z(cexvl,jAHcal)

and compare it with structures of ACPs involved in fatty

acid and antibiotic biosyntheses. Structures are currentlywhereAHc, is the calorimetric specific enthalp¥y. = ti2
available forEscherichia coliAcpP @—10), the apo form  + 273.15,ty2 is the temperature’C) at which the process
of Streptomyces coelicol@ctinorhodin polyketide synthase is half-completed, andex 12 is the excess specific heat at
ACP (act apo-ACP)X1), and peptidyl carrier protein (PCP) ti2. R is the gas constant, and the facdhas a value of

of the nonribosomal peptide synthetase frBacillus bresis 4.00 for a simple two-state transition. Samples of apo-Dcp
(12). Because the prosthetic group has no effect on the NMR were dialyzed against 50 mM NaAc (pH 6.1), and the
spectrum of AcpPX3), apo-Dcp was chosen for this study. dialysate was used in the reference cell.

Here, we report the completél, 13C, andsN resonance _Circular Dichroism Thermally induced denaturation of
assignments and high-resolution solution structure of apo-€ither 0.18 mM apo-Dcp or apo-AcpP was monitored by
Dcp. Comparison of this structure with ACPs of known Ccircular dichroism (CD) performed in a 0.2 mm cell at 222
structure confirms the relationship suspected from sequenceM- A model J-715 spectropolarimeter (Jasco, Inc.) equipped
analysis 8). This structure provides the basis for defining With an RTE-3 refrigerated/heater circulator (Neslab Instru-
the specificity determinants which function feralanine ~ Ments, Inc.) was used.

incorporation into LTA. NMR Thermally induced denaturation of apo-Dcp in 99%
D,O was monitored byH NMR on a Bruker AMX600
MATERIALS AND METHODS instrument at the NMR Facility for Structural Biology at

Northwestern University. All multidimensional NMR experi-

Chemicals and Protein Productio@Growth media, Martek  ments were carried out at 25 on a Bruker DMX600
9-N, Celtone-CN, and [99% WC]glucose were purchased  spectrometer equipped Wi 5 mmtriple-resonancéH/ N/
from Martek Biosciences®NH,Cl was purchased from ICN  13C probe and three-axis pulsed field gradients at the National
Biomedicals.E. coli strain BL21(DE3) was obtained from Magnetic Resonance Facility at Madison (NMRFAM). NMR
Novagen. Plasmid pDCP1 containing the gene for apo-Dcp samples contained either 1.2 m#N]apo-Dcp or 1.8 mM
was constructed as described previoudy Recombinant [15N,23C]apo-Dcp in 50 mM potassium phosphate buffer (pH
apo-AcpP (4) from E. coliwas a gift of R. Flugel and C.  5.8), containing a 90% ¥D/10% DO mixture.
Walsh. The preparation of unlabeled apo-Dcp using pDCP1  Most pulse sequences incorporated sensitivity enhance-

was as described by Debabov et &). ( ment (SE) with magic anglelf, 18) gradient coherence
Preparation of Labeled Protein Samplé&e previously selection and a flip-back scheme to preserve signal intensity
described the expressionlofrhamnosu®cp inE. coli (3), for exchangeable amide resonanck3).(For non-SE experi-

and have now used this overexpression system to producements, water suppression was achieved with the WATER-
uniformly 3C- and *N-labeled apo-Dcp for structural GATE method incorporating a 3-9-19 selective inversion
analysis by NMR. For the preparation of [8N]apo-Dcp, pulse. Quadrature detection in the indirectly detected dimen-
E. coli BL21(DE3) cells containing pDCP1 were grown in sions was obtained by the StateBPPI method Z0). All
Martek 9-N medium (1 L) with 100 mg/L ampicillin at 37  resonance assignments and distance constraints were derived
°C. The culture was induced at an @pof 0.4 with 0.4 from the following experiments: 3N SE NOESY-HSQC
mM IPTG. Cells were harvested by centrifugatié h after (21), 3D N SE TOCSY-HSQC Z1), 2D *N-filtered
induction and lysed by freezing and thawing as described NOESY @2), 3D SE HNCACB g3—-25), 3D HCCH-
previously @). Apo-Dcp was isolated in pure form by bulk  TOCSY @6), 3D SE C(CO)NH 27), 3D SE HNCA (9,
adsorption to DEAE-cellulose pre-equilibrated in 70 mM bis- 24, 28), 3D SE HNCO 24, 28), 3D SE HCACO 29, 30),

Tris (pH 6.5) and 100 mM NacCl and eluted with 70 mM  *N-edited HSQC 31), 3D HNHA (32, 33), 3D HNHB (34),
bis-Tris (pH 6.5) and 600 mM NacCl. Additional purification 3D 3C SE NOESY-HSQC (one each for the aromatic and
was achieved by preparative native PAGE as describedaliphatic'®C regions), and®C constant-time SE HSQG¥).
previously 8). The molecular mass of the purified protein All NOESY mixing times were 80 ms. Isotropic mixing
was 8884 Da, as determined by electrospray mass spectromperiods were 22 ms (CCONH) and 60 m8N TOCSY-
etry, performed on a VG Quattro (Fisons Instruments) triple- HSQC).
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/\ L. rham. Dcp MADEAIKNGV LDILADLTGS DDVKKNLDLN LFETGLLDSM GTVQLLLELQ SQFGVDAPVS EFDRKEWDTP NKITIAKVEQA Q*~~

E. coli ACP MSTIEERV KKIIGEQLGV KQEEVTNNAS FVEDLGADSL DTVELVMALE EEFDTEIPDE EAEKIe«TTV QAAIDYINGH QA
— A lpl 1

B S. mutans G VFTMDIKSEV LKIIDELFME D.VSDMMDED LFDAGVLDSM GTVELIVELE NHFDITVPVS EFGRDDWNTA NKITIEGITEL RNA*
S. pyogenes ~-MSIEETV IELFDRLFME D.VSEMMDED LFDAGVLDSL GTVELIVELE STFNIKVPIS EFGRDDWNTV TKIVQGVEEL QHA~
S. xylosus -MEFREQV LDLLTEVAEN NVIKENPDVE LFEEGIFDSF QTVGLLLEIQ NKLDIEVSIM DFDRDEWATP NKIVEVLEEL R*~~
S. aureus -MEFREQV LNLLAEVAEN DIVKENPDVE IFEEGIIDSF QTVGLLLEIQ NKLDIEVSIM DFDRDEWATP NKIVEALEEL R~~~
B. subtilis -MDFKQEV LDVLAEVCQD DIVKENPDIE IFEEGLLDSF GTVELLLAIE NRFDILVPIT EFDRDVWNTP NNIVNQLSEL K*~~
L. monocytogenes -MAFRENV LEILEEITET DEVVQONTNIK LFDEGLLDSM ATVQLLIEIE EKLDITVPVS EFDRDEWATP EMIITQLEAL K*~~
L. rhamnosus MADEAIKNGV LDILADLTGS DDVKKNLDLN LFETGLLDSM GTVQLLLELQ SQFGVDAPVS EFDRKEWDTP NKIIAKVEQA Q*~~
Consensus M-----V LD-L-E---- D-V-E--D-E LFE-GLLDS- -TV-LLLEIE N--DI-V-I- EF-RDEW-T- --IV--L-EL R---

Ficure 1. (A) Alignment of the sequences of AcpP and Dcp. Thé'Ganding residues of AcpP are shown in bold, and the two putative
ligand binding sites (A and B) are indicated. (B) Multiple alignment of Dcps from various species with highly conserved residues shown
at the bottom.

All data were processed with either Felix95 (Molecular divalent metal ion binding sites (Figure 1A)5—47). With
Simulations) or NMRPipe36). Chemical shifts were ref-  the goal of stabilizing a single conformer, the NMR analysis
erenced to internal DSS (2,2-dimethyl-2-silapentane-5-sul- of the AcpP solution structure included the addition of'Ca
fonate) as 0 ppm) and indirectly for!N and 3C Thus, in the initiation of our structural studies of Dcp, it
using the following ratios: 0.251449530 f&#C/*H and was important to establish whether®&inding might also
0.101329118 fof*N/*H (37). Complete resonance assign- affect the thermal denaturation of the protein and hence
ments were obtained using Felix95, XEASWBS8|, and determine the conformational stability of Dcp.

Sparky. The consensus chemical shift index was calculated Tg examine the role that @aplays in stabilizing the

from the assigneéH®, 13C*, **C/, and*™*C’ shifts using the  strycture, thermal denaturation of apo-Dcp was examined
CSI program 89, 40). by H NMR. Two series of spectra were collected with
Structure DeterminationAssignments of NOEs were samples of apo-Dcp prepared identically except for the
obtained manually using XEASY3g) and automatically  addition of 10 mM C&" to one sample. Portions of the
using DYANA 1.5 @1). Structures were calculated with the  spectra containing the aromatic signals of residueg’Irp
torsion angle dynamics approach of DYANA 1.5 using 4000 Phé?2, Phé3, and Phé? and thelH® resonance of TK? are
steps per structure in the early stages of refinement, and 800Ghown in Figure 2 as a function of increasing temperature.
steps in the final round, followed in each case by 1000 steps Comparison of the two spectra from 25 to %0 revealed
of conjugate gradient minimization. Distance constraint upper no obvious indication of Cd binding by apo-Dcp. At-55
bounds were generated with the CALIBA function of °C, thermal unfolding (broadening, shifting of resonances)
DYANA. For the initial rounds of structure calculations, was observed for both samples, but again no detectable
manually assigned additional NOEs were used as inputdifferences as a function of €awere detected.
restraints. Each round started with 20 random conformers,  pjfferential scanning calorimetry (DSC) provided another
from which the 10 with the lowest target function were used athod for assessing thg, for unfolding (16, 48). Thety,
to analyze constraint violations and assign additional NOE ¢, apo-Dcp is 68.99= 0.06°C with a AHyy of 56.5+ 0.2
constraints in DYANA for the following round of refinement. | .5/mol when measured in 50 mM NaAc (pH 6.1). The
This process was repeated until more than 90% of the cross—ygition of 10 mM C&" gave aty, of 70.764+ 0.16°C and
peaks in the 3D spectra had been assigned and all consisten AH,,, of 60.4 + 0.05 kcal/mol. The agreement AfHca

violations were eliminated. In the final round of refinement, (57.0+ 0.1 and 61.2+ 0.04 kcal/mol, respectively) with
a total of 50 structures were calculated and the 30 conformersAHVH in the absence and presence ,of cation is consistent

with the lowest target function were considered for analysis. \yith the assumed two-state unfolding process. In contrast

The mean structure calculated in MOLMOAU2) from this tu and AHw for AcpP are 52.7C and 40.8 kcal/mol in 50
ensemble of 30 structures was minimized in DYANA with .\ NaAc (pH 6.1) (low salt) in the absence of Td44).
1000 steps of conjugate gradient minimization and reported |, the presence of 8.3 mM €a(low salt), tu» increased to

as the representative apo-Dcp structure. AI.I subsequentgy 3°¢ andAH,, increased to 55.3 kcal/mol. The observa-
analyses of the structure were performed using DYANA, ons with apo-Dep reflect an intrinsic heat stability that is
MOLMOL, and PROCHECK-NMR 43). higher than that of AcpP and suggest that Dcp does not show
an increased level of stabilization in the presence of'Ca

To examine further the differences in stability between

Thermally Induced Denaturation of Apo-Dcp in the AcpP and Dcp, thermally induced denaturation was moni-
Presence of Cd As Measured by NMR, DSC, and CThe tored by CD for each protein in the presence and absence of
structural analysis of apo-Dcp was led by previous results C&". Thety, of apo-AcpP was 51.4C when measured in
from Prestegard and co-workers &n coli AcpP 8—10). 10 mM NaAc (pH 6.1). In contrast, under identical condi-
While the extent of sequence identity between these proteinstions, thet;,, of apo-Dcp was 65.0C. The addition of 10
is low (20%), as shown in Figure 1A, it was proposed that mM CaCl to apo-AcpP and apo-Dcp resulted in an increase
Dcp is an ACP homologue likely to have similar features of in ty; to 60.0 and 65.8C, respectively. The differences in
secondary and tertiary structui®.(In the structural studies  C&" stabilization as measured Iy, (0.8 °C for apo-Dcp
of AcpP, Horvath et al.44) found that the addition of Ca and 8.6°C for apo-AcpP) support the conclusion that apo-
stabilized the protein to thermal denaturation. AcpP has two Dcp is intrinsically more stable than apo-AcpP. In contrast

RESULTS
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FIGURE 2: Temperature titration of the aromatid signals of apo-
Dcp in the (A) presence and (B) absence of 10 mM*Cat 600
MHz. One-dimensionaH spectra were acquired for the unlabeled
protein in 99% DO as a function of increasing temperature. The
uppermost spectrum, acquired after cooling from 85 to°€5
demonstrates the reversibility of thermal denaturation for apo-Dcp.

75 7.0 65

to apo-AcpP, the addition of €ato apo-Dcp in either DSC
or CD had essentially no effect in the thermally induced
denaturation.

The conditions for the measurements given above, 50 mM
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NaAc (pH 6.1), were chosen on the basis of those conditions84.9 ppm.

used by Prestegard and co-workers for the NMR structural
analysis of AcpP&—10). When apo-AcpP and apo-Dcp were

3D N NOESY-HSQC spectrum. Aliphatic side chains were

compared in CD experiments using 10 mM phosphate buffer assigned using®N TOCSY-HSQC, CCONH, and HCCH-

(pH 7.0), the results also revealed a large differenci/in
for the two proteins (31.8C for apo-AcpP and 58.7C for
apo-Dcp). Thus, while the intrinsic stability of both proteins
decreased, thig; for apo-Dcp is 26.9C higher than that of
apo-AcpP at pH 7.

Absence of CA Binding Sites in Apo-DcpSince Ca*
increased the stability of AcpP in thermally induced dena-

TOCSY data. Aromatic side chain assignments were deduced
from 2D ™N-filtered NOESY and*C—!H HSQC spectra
on the basis of NOEs to tHel* and'H” resonances of those
amino acids.

A few distinctive features were noted in the chemical shift
assignments for apo-Dcp. For example, all side chiin
signals of Lyg® are located far upfield of their random-caoil

turation as measured by both DSC and CD, it was important values. Chemical shift values of 0.96 an).36 ppm were

to determine whether Dcp has the putative cation binding
sites similar to those detected in AcpP. Frederick et4&) (
located the divalent ion binding sites in AcpP using
relaxation-perturbed 2D NMR. The acidic residues serving
as coordinating ligands are identified in Figure 1A. An

observed for the Ly&§' H” resonances. This may be the
result of ring-current effects from T¢p Hydroxyl protons,
normally broadened beyond detection by exchange with
solvent water, were observed for the side chains oftThr
(4.48 ppm) and TKP (5.79 ppm). These two exchangeable

alignment of seven Dcp sequences in Figure 1B shows that'H signals exhibited neither one-bond scalar couplings to

only two of the three coordinating ligands from site A are
conserved, corresponding to Gluand Asgé Only the
second of four acidic side chains in site B is conserved in
the Dcp family, but inL. rhamnosusthis residue is a glycine
(Gly®%). Thus, it would appear from these alignments and
the results from NMR (Figure 2), DSC, and CD that Dcp
lacks the C#&" binding sites detected in AcpP. On the basis
of these results, Ca was not included in the samples for
NMR structural analysis of apo-Dcp.

Resonance AssignmentheH—15N HSQC spectrum of
15N-labeled apo-Dcp is shown in Figure 3. In this spectrum,

15N or 3C nor correlations in th&N TOCSY-HSQC spectra.
As apo-Dcp contains no cysteine, a hydroxyl proton was
presumed to be the remaining assignment possibility in each

case. Sequence-specific resonance assignments were deduced

from strong intraresidue NOEs to both the other side chain
and backbone protons. Detection of the exchangeabl€ Thr
and ThFf® H"* resonances predicts low solvent accessibilities
or side chain hydrogen bonding interactions for these
residues, as discussed below. Except for aront&fit and
side chain carbony3C resonances, assignments were
obtained for allH, 1®N, and3C chemical shifts of apo-Dcp,

77 expected correlation peaks for the backbone amideand are available from the BioMagResBank (BMRB acces-
resonances were assigned. The spectrum also shows 28ion number 4063).

additional peaks from asparagine (8), glutamine (10), tryp-

Chemical Shift and NOE Analysis of Secondary Structure.

tophan (1), and arginine (1) side chain resonances. Backbond-igure 4 summarizes short- and medium-range NOEs for

assignments were made primarily on the basis of the
HNCACB and C(CO)NH spectra, with the use of HNCA,

HNCO, and HCACO data to resolve ambiguities. Sequential
assignments were further verified with the analysis of the

apo-Dcp, as well as the consensus chemical shift index (CSI)
determined froniH?, 13C%, 13C#, and3C' shifts. Three major
helical regions were identified. Though not predicted by the
consensus CSI, which requires a continuous pattern of helical
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Ficure 4: Summary of sequential and medium-range NOE patterns and chemical shift index (CSI) for apo-Dcp. The sequence is shown
starting with Al&, since the amino-terminal Met is absent. The relative intensity of sequential NOEs is indicated by the height of the
connecting box. Horizontal lines indicate the observation of medium-range NOEs between residue pairs. The consensus CSI obtained from
1Ha, 13Ce, 13C8 and13C' chemical shifts is shown, with values efl, 0, and—1 indicating sheet, coil, and helix, respectively. Helical

regions of apo-Dcp, as defined by backbone geometry and hydrogen bonds observed in the calculated structures, are indicated above the
amino acid sequence.

shifts for at least four residues, two short helicésnd If, Hydrogen BondingThe family of structures was analyzed
are suggested by patterns afi(+ 2) and (, i + 3) NOEs. for frequently occurring hydrogen bonding interactions.

Three-Dimensional Structure Determinatidfrom a total Though only NOE restraints were included in the structure
of 3288 assigned NOEs in four different NOESY spectra, calculations, good backbone hydrogen bonding geometry (H-
1582 unique nontrivial NOE upper limit distance constraints bond length= 2.4 A, angle< 35°) was observed throughout
were generated with the CALIBA function in DYANA. The ~ €&ch of the helical regions of apo-Dep. Residues &ty
distributions of constraints by range and by sequence positionMet**~Leu, and Pré®~GIn™ comprise the three major
are summarized in Table 1 and Figure 5A, respectively. No @-helices as indicated by patterns of i + 4) hydrogen
other types of experimental constraints were included in any bonds. A single turn oé-helix is suggested by the H-bond
of the DYANA TAD calculations. The ensemble of 30 TAD ~ between Asf O and Asi® HY, and the { i + 3) H-bond
structures resulting from the final stage of refinement is between Asff and GIi® s consistent with the formation of
shown in Figure 6A. Good agreement with the experimental & Short 3o-helix. The combination of hydrogen bond patterns
restraints is reflected in the low DYANA target functions @nd Ramachandran analysis of backbone geometry provides
(0.68 + 0.11 A?) obtained for the family of structures. & consensus for the location of secondary structure elements
Superposition of residues-81 on the mean structure yields N @po-Dep (Figure 4). Additional main chaimain chain
rmsd values of 0.43 0.08 and 0.86- 0.09 A for backbone  hydrogen bonds include the long-range interaction between
atoms and non-hydrogen atoms, respectively. The rmsdLe’ H" and As|5® O, a type | reverse turn closed by the
values for each residue are plotted in Figure 5B. Only amino- Ph€? O—Gly** H" hydrogen bond, and H-bonds between
terminal residues Afaand Asg are significantly disordered. ~ LeU?* O and Led” H" and between Lefi O and Vaf® H'.
Another measure of structure quality is provided by Ram- One side chairrmain chain hydrogen bond is also observed
achandran analysis of the ensemble, which places 73.8% of°étween Thif O"* and Se#* H". An NOE between the THt
the residues in the most favored regions, 23.4% in additional H’* and Set® HY protons provides additional evidence for
allowed regions, 2.6% in generously allowed regions, and this interaction. While NOEs from the Ttirhydroxyl to a
only 0.2% in disallowed regions. To provide a representative Number of other residues are observed (Aspsn', and
conformer with normal covalent geometry, the mean structure LYS™), no specific hydrogen bond was observed in the family
was minimized in DYANA to a final target function of 0.82  Of structures.

A2, structural statistics for the family and the refined average  Hydrophobic Core InteractionsThe tertiary structure of
structure are summarized in Table 1. apo-Dcp is stabilized by numerous hydrophobic interactions.
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Ficure 5: Restraint density and local coordinate precision for the
NMR structure of apo-Dcp. (A) Distribution by residue of NOE
constraints used in the structure determination of apo-Dcp. For each
residue, the numbers of intraresidue, sequential, medium-range
(2 < |i —j| < 4), and long-range NOEs are shown with white,
light gray, dark gray, and black bars, respectively. (B) Plots of N,
C¢, and C (solid line) and all non-hydrogen (dotted line) average
atomic rmsd values for each residue. Coordinates were superim-
posed on the mean structure using residue8M4 The rmsd values

for the N-terminal residue, Afaare 3.61 A (N, @, and C) and

3.53 A (non-hydrogen).

Table 1: Structural Statistics for 30 Apo-Dcp Conforniers

type of NOE constraint no.
long 332
medium 560
short 372
intraresidue 318
total 1582
constraints/residue 19.8
DYANA parameters (TADO [TADLJ
target function (&) 0.68+0.11 0.82
upper limit violations
no.>0.1 A 14+ 3 11
sum of violations (A) 5.5+ 0.7 5.6
maximum violation (A) 0.22+ 0.04 0.19
van der Waals violations
no.>0.1A 1+1 4
sum of violations (A) 2.3:0.3 3.3
maximum violation (A) 0.12+ 0.04 0.15
average atomic rmsds (&) [TADDO (TAD[!
N, C, C 0.43+0.08 0.50+ 0.08
all non-H 0.86+ 0.09 1.08+0.12

a[TADL] ensemble of 30 DYANA TAD conformers{TADL]

Ficure 6: NMR structure of apo-Dcp. (A) Ensemble of 30 apo-
Dcp torsion angle dynamics conformers (PDB entry 1DV5) after
alignment of the backbone atoms of residues4. The backbone

N, C* and C atoms are shown, with the three magoielices (I,
residues 418; Il, residues 4649; and lll, residues 7679) colored
green, short intervening helices orange, and all other residues gray.
(B) Ribbon diagram of the minimized average structure of apo-
Dcp (PDB entry 1HQB) with a number of key side chains displayed
and labeled. Residues shown in white bury the®Tgide chain
(purple) in the hydrophobic core. Other key residues include the
conserved Glt? and Asg® (red) and Sef (yellow) as well as a
cluster of basic residues (blue) proximal to the phosphopantetheine
attachment site (A}, Lys®5, and Lys?).

Apolar side chains with less than 24% of their surface area
accessible to solvent include ValLeu, Val?3, Lel??, Leu®,
Leu*, Phés3, val®5, Ala®, Trp%, Prd©, lle’, lle’, and Val”.
Most of these residues have heavy atom rmsds below 0.5 A
[Figure 5B (dotted line)]. This represents residues from all
three major helices and the two minor helices, as well as
residues from the extended regions preceding and following
helix Il. The Tr@#” side chain, a unique feature of all Dcp
sequences (Figure 1B), is involved in the hydrophobic
stabilization of the apo-Dcp structure (Figure 6B). This side
chain has close contacts to Y&uval®®, Ala®’, Phé?, lle’s,

average coordinates obtained from a least-squares superposition oﬁnd LysS, resulting in 8_9% of its surface area being buried
residues 481; (TAD[, representative structure obtained by applying N the core of the protein.

1000 steps of conjugate gradient minimization to the mean structure,

Helix Topology and Charge DistributionHelix 1 is

[TADLJ® Average atomic rmsds were calculated by superposition of zrranged in an antiparallel orientation relative to helices Il

either backbone N, € and C atoms or all non-hydrogen atoms of

[(TADOvs [TADOand [TADOvs [TAD[] using residues 481.

and Ill, matching the topology of the three-helix bundle
characteristic of the ACP family. Helix Il has a higher content
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r ’
Dcp MDEAIKNIGV LDILADLTGS DDV{({(NLDLN LFETGLLDSM ' GTWVQLLLELQ SQFGVDAPVS EPDR{I{EWDTP NKI?HKVEQA Q
AcpP MSTEEERV KKIIGEQLGV KQEEVTNNAS FVEDLGADSL DITVELVMALE EEFDTEIPDEVEAREKI«« TTUSQAATIDYINGH QA
act-aACP MATLLTTDDLRRALVECAGETDG TDLSGDFLDL RFEDIGYDSLUALMETAARLE'SRYGVSIPDDIWAGRV++DTP RELLDLINGASLAEAA
PCP .. CAQYVAPTNAVESKL AEIWERVLGY «+SGIGILDN FFQ-IGGHSL KAMAVAAQUH REYQVELPes »+«LEKVLFAQP T TKALAQYVWAT. ..

Ficure 7: Comparison of ACP structures with apo-Dcp NMR structure. (A) Sequences of ACPs for which three-dimensional structures are
available (helices are labeled and shaded)- K3 Comparison of the apo-Dcp structure with three ACPs. Each was superimposed on the
minimized average apo-Dcp structure (B) using backbone (Nafd C) atoms of the specified residues of Dcp and is shown in the same
orientation. (C) AcpP (PDB entry 1ACP, model 1) was superimposed using resields 39-52, and 7179, with a resulting backbone

rmsd of 2.1 A. (D) act ACP (PDB entry 2AF8) was superimposed using residu&s,59-53, and 68-81, with a resulting backbone

rmsd of 2.0 A. (E) PCP (PDB entry 1DNY, model 1) was superimposed using resieldds 89-52, and 74-81, with a resulting backbone

rmsd of 1.7 A. The conserved serine which serves as the site of phosphopantetheine attachment is shown for each protein.

of hydrophobic residues than the other more amphipathic to those in apo-Dcp. In addition, the lengths of helices | and
helices (Figure 4). Examination of the structure reveals that Ill vary among the structures, with a shorter helix | and
side chains of Mé#, Val*3, and Led’ are exposed to solvent.  longer helix IIl in act ACP. The first turn of helix IlI is
The face of helix Il combines with loop residues Pr&/al®®, missing in PCP when compared to the others. The length
and Phé to form a hydrophobic cleft adjacent to Sethe and orientation of helix Il are the most consistent structural
attachment site for phosphopantetheine. Dcp is an acidicelements of the ACP family. These may reflect a role in
protein (pl 3.98) B) whose surface charge is dominated by preserving recognition associated with the conserved phos-
10 Asp and 6 Glu side chains. Two conserved acidic residues,phopantetheine attachment site.

Glu** and Asg® (Figure 1B), correspond to €abinding In addition to the comparisons made in Figure 7, features
ligands in AcpP. On the basis of their relative orientation of the nodulation protein (NodF) have also been compared
(Figure 6B), these side chains are unlikely to contribute t0 {5 those of Dcp. NodF is an ACP whose sequence is 27%
a metal binding site. The seven positive charges from one;gengical to that of AcpP. It contains the three-helix bundle
Arg and six Lys residues are also solvent-exposed. Three 0ft,|q characteristic of this family49). However, AcpP cannot
them, Arg*, Lys*, and Lys? cluster in proximity to Sé®. functionally replace NodF in an in vivo assa§0|. Thus,
while the conformational structure of AcpP is similar to that
DISCUSSION of the NodF protein, there are recognition elements that

A|though the sequences of Dcp and AcpP are 0n|y 20% define its function. While the coordinates of the NodF
identical, it was proposed that Dcp is a homologue of the solution structure have not been publishé@)(it is apparent
carrier protein involved in fatty acid biosynthes®).(The  that the tertiary fold of apo-Dcp is similar. This is a
determination of the three-dimensional solution structure of Particularly interesting comparison because a functional
apo-Dcp provides the features of secondary and tertiary analysis of this protein using an ACP chimera has defined a
structure for comparison with AcpP, act ACP, and PCP, as target recognition site in the C-terminal regi&@). A similar
shown in Figure 7. The three-helix bundle fold of these analysis with Dcp may also provide a definition of the
proteins is also maintained in apo-Dcp, and thus, Dcp is a recognition sites described below.
true conformational homologue of AcpP, act ACP involved  The apo-Dcp structure contains two short helicesnd
in polyketide synthesis, and PCP involved in nonribosomal |1, in the loop regions connecting helices | and Il and helices
peptide synthesis. Il and 1Il. While all four proteins show evidence of a helix

Comparison of Apo-Dcp with Other ACP Structurésr II', helix I' is found only in the Dcp structure. Helix'lls
purposes of comparison, we will refer to the three major not consistently positioned in the structural comparisons, and
helices as |, II, and Ill. While Dcp and the other known ACP inspection of the aligned sequences (Figure 7A) shows that
structures all share the conserved three-helix bundle fold, the location and lengths of this helix and its connecting loops
there are notable differences. In Figure 7, the apo-Dcp are variable. Thesg-helix in apo-Dcp spans residues A%p
minimized average structure (Figure 7B) is compared with Trp®” and may be similar in orientation to the corresponding
AcpP (Figure 7C), act ACP (Figure 7D), and PCP (Figure helix of PCP. Trf’ is only 11% solvent accessible, and thus,
7E). Helix orientations in apo-Dcp and PCP are similar, the hydrophobic interactions with this residue may play a
within ~10° of each other. Helix Ill in AcpP (Figure 7C)  significant role in the intrinsic thermal stability of Dcp while
and helix | in act ACP (Figure 7D) are tilted30° compared helping to position a highly conserved Afg
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It was hypothesized by Kim and Prestegabd)(that E.

coli AcpP consists of two conformers in dynamic equilib-
rium. Backbone amide protons in helix 1l were found to
exchange more rapidly than those in helices | and Ill. The
instability in helix Il may be responsible for the mobility
between the two conformers. Since AcpP has to interact with
at least six different enzymes in fatty acid biosynthesis, a
measure of conformational flexibility may be necessary for
functional diversity. As confirmed in this paper, AcpP is
stabilized by divalent cations, e.g., €aThe metal ligand
may also play structural roles that are required for protein
function. Neither the dynamic conformational equilibrium
nor the stabilization by Ca seen for AcpP was observed
with apo-Dcp. Apo-Dcp is intrinsically more stable to
unfolding than apo-AcpP. Moreover, the addition of divalent
metal cations to apo-Dcp does not result in higher thermal
transitions. Thus, these features distinguish Dcp from the
AcpP involved in fatty acid biosynthesis. Structural NMR

studies of act ACP and PCP also did not reveal any evidence
of large-scale conformational heterogeneity, suggesting that

in terms of thermal stability these proteins may be more like
Dcp than AcpP.
p-Alanine Ligation SiteThe ligation ofb-alanine to Dcp

Biochemistry, Vol. 40, No. 27, 20017971
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Serdtig

Ficure 8: Putative poly(Gro-P) binding site of apo-Dcp. (A)

requires the recognition of the phosphopantetheine prostheticSurface representations, colored according to electrostatic potential,

group by Dcl. However, not only does Dcl recognize the

prosthetic group on Dcp, but the enzyme also recognizes

the group in all ACPs which have been testéd52). The
structural comparisons in Figure 7 illustrate the degree to
which the location of the serine residue for the attachment
of this prosthetic group is conserved in the ACP family. In
addition, sequence alignments show good similarity im-

mediately before and after the conserved serine. Since Dcl

would appear to have a low specificity for ligatingalanine

to the carrier protein, other mechanisms are required to avoid

mischarging ACPs witlp-alanine. For Dcp, this function is
performed by DItD together with Dcl and Dc@)( Thus,

are shown for apo-Dcp (left) and AcpP (right). Structures are
oriented as in panels B and C of Figure 7 but with an additional
90’ rotation about the vertical axis. Locations of the conserved®sp
and Se¥ side chains are indicated (A8mand Sef in AcpP) as

well as the cluster of basic residues proximal to the phosphopan-
tetheine attachment site of apo-Dcp (&d_ys®®, and Lyg?). (B)
Ribbon diagrams of apo-Dcp (left) and AcpP (right) in the same
orientations as in panel A. Side chains are shown and labeled as in
panel A (acidic residues in red, basic residues in blue, and active
site serines in gold), with the addition of residues #eVal*,
Leu, Prd8, Val®®, and Ph& of the hydrophobic cleft (white).

have apparently diverged to ensure necessary functional
specificity. In the case oB. subtilis (55), Dcp is encoded

the complex of these proteins ensures that the correct carriety ditC in the dlt operon, a chromosome location distinctly

protein is ligated withp-alanine.

Putative Poly(Gro-P) Binding Surfac®nly p-alanyl-Dcp
donates its activaten-alanine to the poly(Gro-P) moiety of
LTA (4,52), and thus, it was proposed that Dcp has a binding
site for LTA which is not found in the ACPs involved in
fatty acid synthesis and metabolism. In addition, Kiriukhin
and Neuhaus53) observed that the incubation pfalanyl-
Dcp with highly purified LTA results in the hydrolysis of
thep-alanyl thioester. A critically positioned positive residue
that may play a role in the electrostatic interaction with a
phosphodiester linkage of LTA is Aty It is located in the
RKEWD motif (Figure 1B) found in all Dcps. As shown in
Figure 8, Arg*is part of a crescent of positive chargelin
rhamnosusDcp not found in AcpP. The conserved Ttp
plays an important role in positioning heliX,livhich in turn
determines the orientation of A¥gand creates one side of
the cleft between helix Il and the-HIl" loop (Figure 8). This
cleft may also interact with the poly(Gro-P) moiety. Thus,
on the basis of the results described in this paper, it is
hypothesized that this region may constitute a part of the
putative binding site for LTA irmp-alanyl-Dcp.

The ACP family contains a variety of functionally special-
ized carrier proteins in addition to those involved in fatty

different from that of the gene encoding the carrier protein
involved in fatty acid biosynthesis. Dcp not only binds to
Dcl but also recognizes the LTA acceptor site [poly-
(Gro-P)], as well as DItD. The three-dimensional structure
of apo-Dcp will allow the further definition of these
specificity determinants for targeting this protein with its
activatedd-alanine in the assembly of membrane-associated
p-alanyl-LTA.

The importance of the-alanyl carrier protein (Dcp) in
the physiology of the Gram-positive organism is apparent
from the many characterizedit mutants which result in a
deficiency ofp-alanine esters in LTAS6—63). Insertional
inactivation of any one of the four genes in ttik operon
has provided a variety of novel phenotypes. The inability of
dit mutants to synthesize the carrier molecule, the link
between Dcl and the acceptor LTA, emphasizes the impor-
tance of understanding the functional and structural features
of this protein.
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