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Aminoacyl-CoAs as Probes of 
Condensation Domain 

avoid cross condensation reactions between 
the amines and the product thioesters. The 
Nvoc group was removed by photodeprotec- 
tion in aqueous solutions (15 min, 350 nm, 
4°C) without damage to any proteins that - . A 

were present, yielding either the free aa-S- 
Selectivity in Nonri bosomal COA or an aa-S-enzyme immediately before 

their desired use. 
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In nonribosomal biosynthesis of peptide antibiotics by multimodular synthe- (1) 
tases, amino acid monomers are activated by the adenylation domains of the The stability of free aa-S-CoAs to hydrolysis 
synthetase and loaded onto the adjacent carrier protein domains as thioesters, 
then the formation of peptide bonds and translocation of the growing chain are 
effected by the synthetase's condensation domains. Whether the condensation 
domains have any editing function has been unknown. Synthesis of aminoacyl- 
coenzyme A (CoA) molecules and direct enzymatic transfer of aminoacyl- 
phosphopantetheine to the carrier domains allow the adenylation domain 
editing function to be bypassed. This method was used to demonstrate that the 
first condensation domain of tyrocidine synthetase shows low selectivity at the 
donor residue (D-phenylalanine) and higher selectivity at the acceptor residue 
(L-proline) in the formation of the chain-initiating D-Phe-L-Pro dipeptidyl-en- 
zyme intermediate. 

Peptide antibiotics such as penicillins and mains are the main fidelity-conferring units for 
cephalosporins, vancomycin, bacitracin, acti- monomer selection, activation, and transfer to 
nomycin D, the antitumor peptide bleomycin, the paired T domains, on the basis of substitu- 
as well as the immunosuppressant cyclospor- tions of different A domains in surfactin syn- 
in A are all assembled on nonribosomal pep- thetase (4). With the report of the x-ray shuc- 

at physiological pH and temperature was 
critical for them to be used as substrates. 
High-performance liquid chromatography 
(HPLC) analysis showed that L-Phe-S-CoA 
had a half-life of 6 hours at pH 7 (37°C) 
and of 3 hours at pH 8, long enough to be 
used in the enzymatic experiments reported 
here. As anticipated, Nvoc-L-Phe-S-CoA 
had a substantially longer half-life (>24 
hours, pH 7). Nuclear magnetic resonance 
analysis in D,O of the C,-H on L-Phe-S- 
CoA also established that nonenzymatic ra- 
cemization was negligible in these time 
frames, thus chirality was maintained. The 
Nvoc group is chromophoric [Nvoc-L-Ala-OH: 
molar extinction coefficient E (348 nm) ;= 6400 
cm-' M p l ]  and proved useful as an ultravi- 

tide synthetases (NRPSs). The identity and ture of the phenylalanine-activating A domain olet marker in quantitation and enzymatic 
sequence of amino acid residues in these ( 5 )  of the gramicidin S-synthetase complex (6 ) ,  transfer studies before photodeprotection. 
nonribosomal peptides is dictated by the or- structure-function mutagenesis shldies will help We next addressed whether Nvoc-aa-S- 
ganization of sets of iterated modules in the define rules for amino acid recognition by A CoAs would serve as substrates for PPTases 
megasynthetases (1, 2). Each module acti- domains. In contrast, little is known about the that normally transfer the free thiol-containing 
vates a specific amino acid by means of a pair tolerance of the peptide bond-forming C do- Ppant moiety of CoASH onto the side chain of 
of closely coupled domains: an adenylation mains to elongate alternate acyl donors from the a specific serine residue in apo T domains. 
(A) domain produces an aminoacyl-0-aden- upstream T domain or to add alternate amino- Kinetic efficiency comparisons were conduct- 
osine monophosphate (aa-0-AMP) that is acyl monomers at the downstream acceptor T ed with Bacill~ls PPTase, Sfp (lo), and the 
then covalently tethered in thioester linkage domain. In some cases, A domains have acti- 11-kD apo T domain, PheT, of the first mod- 
to the phosphopantetheinyl (Ppant) prosthetic vated structural homologs of their substrate ule of the gramicidin S-synthetase complex 
group (3) of the adjacent thiolation (T) do- amino acid, and the C domains have been as well as the larger substrates PheAT and 
main (also known as a peptidyl carrier pro- shown to accept these miscognate substrates PheATE (11, 12). Transfer of the aa-S-Ppant 
tein). The peptidyl chain grows directionally (7). For any approaches, however, to reprogram moieties to the apo T domains was monitored 
in incremental steps of elongating acyl-S- 
enzyme intermediates. Peptide bond forma- 
tion and chain translocation occur each time 
an upstream donor peptidyl-S-Ppant is at- 
tacked by a downstream acceptor aminoacyl- 
S-Ppant nucleophile, a process under the cat- 
alytic control of condensation (C) domains 
(Fig. 1). For an NRPS to be functional, 
each T domain must have a specific serine 

NRPS biosynthetic machineries, further knowl- 
edge concerning the selectivity of C domains 
would be crucial. 

The approach we have taken to directly 
examine the selectivity at both the donor and 
acceptor sites of C domains required three 
steps: (i) synthesis of aminoacyl-S-coenzyme 
A molecules (aa-S-CoAs) to serve as po- 
tential substrates to bypass the A domains, 

by two kinds of assays: a native-polyacryl- 
amide gel electrophoresis (PAGE) gel shift 
assay that resolves apo and holo forms of 
the T domain, and an assay that quantifies 
the incorporation of the Nvoc chromophore 
on the protein by gel filtration and mea- 
surement of the absorbance at 350 nm. 
Using both methods we found that Nvoc- 
protected and free aa-S-CoAs were sub- 

side chain converted from an inactive apo (ii) enzymatic loading of aminoacyl-S-Ppant strates with catalytic efficiencies (catalytic 
to a Ppant-holo form by dedicated phospho- moieties onto the apo forms of upstream and rate constant kc,, = 15 to 22 minp l ,  
pantetheinyl transferases (PPTases). downstream T domains, and (iii) evaluation Michaelis constant K,, = 9 to 27 p,M, 

Previous work to increase the diversity of of C domain-mediated peptide bond forma- k,,,/Km = 0.7 to 1.9 min-' p,Mp') ap- 
peptide antibiotics has indicated that the A do- tion to yield dipeptidyl-S-enzyme product. p;oaching that of the physiological sub- 

The svnthesis of aa-S-CoAs was under- strate CoASH i k  ... = 14 minp ' ,  K... = 14 
LdL , I,, 
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Ppant moieties to PheT by Sfp, showed that 
the experimental results are in agreement 
with the anticipated mass increases (14). 
Thus Sfp, the Bacillus PPTase dedicated to 
priming the apo T domains of the seven 
modules of the surfactin synthetase complex 
(lo), did not distinguish between CoASH and 
aminoacylated derivatives, including those 
with the large Nvoc substituent. 

To address whether a peptide bond-forming 
C domain would tolerate the mischarged donor 
and acceptor aa-S-Ppant T domains and make 
novel combinations of peptides, we turned to a 
system that uses PheATE and ProCAT (6, 15) 
(Fig. 1). This system has the advantage that the 
donor and acceptor T domains are on separate 
enzymes, allowing each to be loaded indepen- 
dently. Additionally, peptide bond formation 
can be detected by substrate translocation be- 
tween separate protein modules. There is an 

epirnerase (E) domain in the donor module 
PheATE, allowing analysis of D- and L-isomer 
utilization. The preference for proline in the 
acceptor module ProCAT leads to spontaneous 
diketopiperazine (DKP) formation and release 
of product from the enzyme, facilitating detec- 
tion of radiolabeled products. 

To assess the donor-site selectivity, apo 
PheATE (11) was loaded with Nvoc-aa-S- 
CoAs by means of Sfp action and photodepro- 
tected to give the aa-S-PheATE intermediates 
(16). Holo ProCAT was loaded with [3H]Pro 
and ATP, giving [3H]prolyl-SProCAT. Figure 
1A shows the rate of [3H]DKP formation for 
each of the aa-S-PheATE intermediates upon 
incubation of the loaded enzymes. Indeed, the 
rates of release of [3H]DKP differed little 
among the products derived from loading the 
mis-cognate substrates (L-Phe, D-Ala, L-Ala, 
and L-Leu) compared with the natural interme- 

diate (D-Phe) in the donor position (1 7). On the 
other hand, when the selectivity of this C do- 
main for the downstream nucleophilic arnino- 
acyl group on the acceptor T domain was ex- 
amined, greater selectivity was evident. Only 
L-Ala-S-ProCAT (of the five acceptors tested) 
was competent in this system (Fig. 1B) (16), 
yielding D-Phe-L-Ala-S-ProCAT at rates (k,, 
= 1.4 min-') comparable to D-Phe-L-Pro-S- 
ProCAT formation (k,, = 1.8 min-'). 

To further validate these results, two con- 
trols were canied out. It was established that 
apo ProCAT could be covalently modified 
with Nvoc-D-Ala-S-CoA and Nvoc-L-Ala- 
CoA by incorporation of the Nvoc chro- 
mophore into the protein (14). Subsequently, 
we demonstrated by transfer of [3H]Phe to 
ProCAT that a dipeptidyl-S-enzyme is selec- 
tively formed between D-Phe and L-Ala (but 
not D-Ala) (Fig. 2A) (12, 16). The D-Ala-S- 

Fig. 1. (Left) Investigation of C domain selectivity for donor and acceptor aminoacyl-S- # 
Ppant substrates. PheATE and ProCAT (7 7) are shown with their subdomains highlighted: A 
domains (A,, red), tarrier T domains (green), peptide bond-forming C domains (C,, gray), 
and epimerase domain (Epim, blue). (A) To investigate the donor-site selectivity of C 

. 

domains, we loaded ProCAT with [3H]Pro and loaded PheATE with five different aminoacyl 
groups: D- and L-Phe. D- and L-Ala, and L-Leu (76). Upon mixing the loaded modules, the - 
respective aminoacyl moieties should be transferred t o  ProCAT, yielding deacylated holo- S 
PheATE and dipeptidyl-ProCAT. The proline-containing dipeptide-thioesters autocyclize, , ' . 
liberating radiolabeled diketopiperazines (DKPs), which are extracted and quantified by 

- ' ' 

liquid scintillation counting (LSC) (yellow boxed item). The rates for DKP formation for all tested substrates were in the same range (0.4 5 kc,, 5 0.5 
min-I), indicating a low selectivity toward the aminoacyl donor (77). (B) To test acceptor-site selectivity of the C domain, we loaded ProCAT with 
five aa-S-CoAs (76) and loaded PheATE with [3H]Phe. Peptide bond formation occurs with the transfer of radiolabel from [3H]Phe-S-PheATE onto the 
aa-S-ProCAT. This translocation will liberate the T domain of the initiation module, which is rapidly reacylated by [3H]Phe-adenylate. The molar 
quantity of precipitable radiolabel (yellow boxed items) should increase from 1 to  2 i f  [3H]Phe is transferred from PheATE t o  ProCAT. Fig. 2. (Right) 
Characterization of the dipeptide products. (A) Transfer of [3H]Phe from PheATE to  ProCAT loaded with either L-Ala-S-CoA (solid bars) or D-Ala-S-CoA 
(striped bars). Condensation reactions were initiated by the addition of [3H]Phe-S-PheATE. His-tagged ProCAT (75) was isolated on Ni2+-nitrilotriacetic 
acid columns after 1 min. Columns were washed (MES buffer pH 8.0, 20 mM imidazole) and subsequently eluted (MES buffer pH 8.0, 200 mM 
imidazole). In each fraction, total protein was precipitated [ lo% TCA (wlv) and 2% BSA (wlv)], and the acid-stable label was quantified by LSC. (B) 
HPLC analysis of Ala-Pro dipeptide chirality by coinjection of radiolabeled enzyme products with D-Ala-L-Pro and L-Ala-L-Pro standards. Apo PheATE 
was loaded with D- and L-Ala-S-CoA and incubated with [3H]Pro-S-ProCAT (75). After 4 min, the reactions were quenched [ lo% TCA (wlv)] and 
dipeptides were released with performic acid (22) and analyzed by HPLC (C18, 4.6X250 mm, 5 pm, 0 to  30% acetonitrile/O.l% trifluoroacetic acid 
over 30 min). Fractions were collected and analyzed for absorbance (A) at 214 nm (solid line) and by LSC (broken lines). (C) HPLC analysis of Phe-Ala 
dipeptide chirality. ProCAT was loaded with L-Ala-S-CoA and incubated with [3H]~-Phe-S-PheATE. Dipeptides were analyzed by coinjection with 
L-Phe-L-Ala and D-Phe-L-Ala standards. Dpm, disintegrations per minute. 
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ProCAT partner is presumably incompetent 
because of incorrect chirality. The failure of 
D-Phe-S-ProCAT could be explained similar- 
ly, but L-Phe-S-ProCAT and L-Leu-S-Pro- 
CAT may fail as substrates if the C domain 
also discriminates for steric size. 

Given that this C domain would not use 
D-Ala or BPro as acceptor, we analyzed the 
preference for D- or L- at the donor site for the 
formation of Ala-L-Pro and Phe-L-Ala. Both 
D-Ala-S-CoA and L-Ala-S-CoA yielded only 
~-Ala-~-[~HlPro when dipeptide was released 
from ProCAT before DKP formation (Fig. 2B). 
This proves that the E domain can accept sub- 
strates other than phenylalanine and that 
epimerization of L-Ala-S-PheATE is faster than 
peptide bond formation. When the released 
Phe-Ala dipeptide product was analyzed (Fig. 
2C), a 9 : 1 mixture of D-Phe-L-A1a:L-Phe-L- 
Ala was obtained, indicating that this C do- 
main can transfer L-Phe at a slow competitive 
rate. Future studies with inactivating point 
mutations in the E domain will be required to 
decipher the donor stereopreference of this C 
domain. 

In general, one would expect the C domains 
at internal elongation sites in NRPS complexes 
to be relatively nonselective for the upstream 
electrophilic acyl partners in condensation re- 
actions, because growing chains of diverse 
length and steric bulk are translocated. On the 

other hand, the downstream acceptor T domain 
always bears a monomeric aminoacyl thioester 
as the attacking nucleophile. The C domain 
presumably deprotonates the NH: of these 
monomers to generate the NH, group by means 
of a histidine base in a highly conserved 
HHxxxDG motif (H, His; D, Asp; G, Gly) 
(15, 18) and may register size, shape, and 
a-carbon chirality toward that nucleophilic 
partner. The interaction of C domains and 
downstream T domains must also occur to 
control the timing of peptidyl chain growth, 
and there have been speculations about a 
waiting position (19) and kinetic trapping 
of the aa-S-Ppants to explain how the tim- 
ing of acyl chain growth is controlled. 

The evidence presented here predicts the 
existence of a binding pocket that could also 
explain the accurate initiation of the ~ O M ~ O S O -  

ma1 biosynthetic process. Figure 3 specifies 
three subsites (20) for the interaction of the 
Ppant tether of a T domain with nearby A and 
C domains: loading site, acceptor site, and do- 
nor site. At the loading site, the Ppant-SH ter- 
minus must find the aa-0-AMP generated in 
the paired A domain and capture the aminoacyl 
moiety as the aa-S-Ppant (for example, Pro-S-T 
domain). The Pro-S-Ppant, tether must then 
reach upstream to the acceptor site of the C,, 
domain and fmd the upstream Phe-S-Ppagt,, 
docked perhaps in a donor site on C,,. Finally, 

g. 3. Threp-site model for Ppant tethers in nonribo- 
ma1 peptide biosynthesis. The first three modules of 

the gramiddin synthetase (6) are displayed. The ini- 
Ld6n module P ~ ~ A T E  actktes and' e$merizes the 
first amino acid (Phe) as a separate subunit from the modules that activate the second (ProCAT) 
and third (ValCAT) amino acids. To account for the multiple tasks of acceptor ' , donor 
recognition, and chain transloution, the Ppant arm of a T domain is postutaM?- three 
distinct configurations (20), detailed here for the T dornain of ProCAT. In the loading site (panel I), 
the free thiol of Ppant is acylated by Pro-0-AMP that was formed by the adjacmt A, domain. The 
Bro-S-Ppant arm must reach upstream to the acceptor site ( p a d  2) on the C, domain and wait 
for the donor Ppant from the upstream T domain (here Phe-S-Ppant-T) to fill the donor site. At thii 
juncture the C domain catalyzes peptide bond formation and the dipeptidyl (PP~~L-Pro)-S-Ppant 
arm can exit the C,, dornain and swing downstream to the donor site (panel 3) in the C,,, domain. 
For an orderly progression, to avoid incomplete chains and chain misirnitistion at Internal sites 
(panel 41, there must be carefully orchestrated kinetic mtrd of occupancy of the C h a i n  donor 
and acceptor sites for the Ppant arms of every T domain. The M T E  initiation module has no C 
domain to trap its aminoacylated T domain and presumably can only occupy the donor site on the 
C, domain to initiate chain growth. 

the D-Phe-L-Pro-S-Ppant, must reach down- 
stream to the C,, condensation site for chain 
elongation to the tripeptide-T domain stage. 
Our results provide evidence for an acceptor- 
binding, but not a donor-binding, site on C,. 
The ability to bypass adenylation domain spec- 
ificity represents a general approach to interro- 
gate the mechanism and specificity of various 
catalytic domains within megasynthetases. 

In the functionally and architecturally relat- 
ed polyketide synthetases, monomer acyl 
groups are presented as activated, diffisable 
acyl-S-CoAs (I). Ow results show that N-de- 
blocked aa-S-CoAs have sufficient hydrolytic 
stability to qualify as candidates for diffisable 
intermediates in amino acid metabolism, yet 
aa-S-CoAs are unknown in contemporary or- 
ganisms. Instead, cells use oxoesters to the 2' or 
3' termini of the tRNAs that are kinetically and 
thermodynamically more stable than thioesters. 
There is evidence that some aa-tRNA syntheta- 
ses will make small amounts of aa-S-CoAs 
from CoASH, albeit with low catalytic efficien- 
cy. (21). This raises the possibility of an evolu- 
tion of the aa-tRNA synthetases from the A 
domains of the NRPSs. The unsuitability of 
aa-S-CoAs may not be due to hydrolytic lability 
but rather to rapid transthiolation by high glu- 
tathione concentrations (1 to 10 mM) in cells, 
randomizing the activated aminoacyl groups 
away from the CoASH recognition determi- 
nant. This susceptibility to thiol capture may be 
the reason aminoacyl and peptidyl thioesters are 
kinetically sequestered away from bulk solution 
in the T domain (carrier protein) way stations of 
the peptide megasynthetases. 
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Functional Arteries Grown 
in Vitro 

L. E. Niklason,'" J. Gao,' W. M. ~ b b o t t , ~  K. K. ~irschi,' 
S. H ~ u s e r , ~  R. Marini,6 R. Langer7 

A tissue engineering approach was developed to produce arbitrary lengths of 
vascular graft material from smooth muscle and endothelial cells that were 
derived from a biopsy of vascular tissue. Bovine vessels cultured under pulsatile 
conditions had rupture strengths greater than 2000 millimeters of mercury, 
suture retention strengths of up to 90 grams, and collagen contents of up to 
50 percent. Cultured vessels also showed contractile responses to pharmaco- 
logical agents and contained smooth muscle cells that displayed markers of 
differentiation such as calponin and myosin heavy chains. Tissue-engineered 
arteries were implanted in miniature swine, with patency documented up to 24 
days by digital angiography. 

Atherosclerotic vascular disease, in the f o ~ ~ i i  
of coronary artery and peripheral vascular 
disease, is the largest cause of moi-tality in the 
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United States (1). Surgical maillstays of ther- 
apy for affected vessels less than 6 i i i i i~  iii 
diameter include bypass grafting with autol- 
ogous veins or arteries (2); however, ade- 
quate tissue for bypass conduits is lacking in 
many patients. Ai-tificial materials, when 
used to bypass aiteries that are less than 6 
nim in diameter, have throiiibosis rates great- 
er than 40% after 6 months (3). Although 
iiovel approaches for producilig small-caliber 
arterial grafts have beell developed, probleins 
with mechanical properties (4) or the utiliza- 
tion of iieonatal cells ( 5 )  have heretofore 
prevented clinical implementation. 

We report here the development of tech- 
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