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A Designed Peptide Ligase for 
Total Synthesis of Ribonuclease A 
with Unnatural Catalytic Residues 

David Y. Jackson,* John Burnier, Clifford Quan, Mark Stanley, 
Jeffrey Tom, James A. Wellsf 

An engineered variant of subtilisin BPN', termed subtiligase, which efficiently ligates 
esterified peptides in aqueous solution, was used for the complete synthesis of ribonu­
clease (RNase) A that contains unnatural catalytic residues. Fully active RNase A (124 
residues long) was produced in milligram quantities by stepwise ligation of six esterified 
peptide fragments (each 12 to 30 residues long) at yields averaging 70 percent per ligation. 
Variants of RNase A were produced in which the catalytic histidines at positions 12 and 
119 were substituted with the unnatural amino acid 4-fluorohistidine, which has a pKa of 
3.5 compared to 6.8 for histidine. Large changes in the profile of the pH as it affects rate 
occurred for the single and double mutants with surprisingly little change in the /ccat for 
either the RNA cleavage or hydrolysis steps. The data indicate that these imidazoles 
function as general acids and bases, but that the proton transfer steps are not rate-limiting 
when the imidazoles are present in their correct protonation states. These studies indicate 
the potential of subtiligase for the blockwise synthesis of large proteins. 

.engineering proteins is usually limited to 
the application of mutagenesis and recom­
binant expression technologies. The ability 
to probe and alter protein function would 
be greatly expanded by generic methods to 
incorporate unnatural amino acids or other 
structures, which would allow much greater 
diversity and precision in protein design. 
However, chemical synthesis has largely 
been restricted to small peptides (typically 
less than 40 residues in length) because of 
the accumulation of side products that com­
plicate product purification and decrease 
yields (1, 2). Alternatively, coupling syn­
thetic peptide fragments by selective chem­
ical (3-6) or enzymatic methods (7-11) 
suggests that routine synthesis of proteins 
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more than 100 residues long in high purity 
and good yield may soon be within reach. 

Progress has been made in engineering 
the bacterial serine protease, subtilisin 
BPN', for catalyzing peptide bond forma­
tion in aqueous solution (9-11). The most 
efficient variant (11), termed subtiligase, is 
a double mutant in which the catalytic 
Ser221 is converted to Cys, and Pro225 is 
mutated to Ala (S221C and P225A) (12). 
The S221C mutation increases the aminol-
ysis to hydrolysis ratio of tetrapeptide esters 
(9, 13) while the P225A mutation im­
proves catalytic activity by reducing steric 
crowding in the active site caused by 
S221C. The kcat value for subtiligase cata­
lyzed aminolysis of a good peptide ester is 
comparable to the hydrolysis of analogous 
amide substrate by wild-type subtilisin (20 
s_ 1 compared to 50 s_ 1). Although this 
enzyme showed promise in single couplings 
of short peptide esters (11), it had not been 
shown to be useful for sequential couplings 
with long peptides. 

We now describe a practical coupling 

and deprotection strategy that allows subti­
ligase to be used for the blockwise assembly 
of proteins. For our model synthetic protein 
we chose ribonuclease (RNase) A, a 124-
residue enzyme, because of its interesting 
catalytic mechanism (14) and established 
crystal (15) and solution structures (16). 
The enzyme can be refolded (17, 18) and 
easily assayed (19, 20). Furthermore, RNase 
A has been synthesized earlier (5, 21), 
albeit in low yield and moderate purity. 
The blockwise enzymatic synthesis of 
RNase A allowed us to produce the en­
zyme in higher yield and purity. As a result 
we were able to incorporate unnatural cat­
alytic residues that alter the catalytic 
properties so that the enzyme mechanism 
could be probed in more detail that was 
not possible with conventional site-direct­
ed mutagenesis. 

Synthesis of RNase A and variants con­
taining 4-fluorohistidine. The strategy for 
protein synthesis with subtiligase (Fig. 1) 
starts with preparation of a fully deprotected 
peptide (the acceptor) that corresponds to 
the COOH-terminal fragment of the desired 
protein. The next most NH2-terminal frag­
ment (the donor) is esterified with glyco-
late-phenylalanyl amide (glc-F-NH2) on the 
COOH-terminus. This ester efficiently acy-
lates subtiligase because the enzyme has a 
preference for esters containing the glc-F-
NH2 leaving group (11). The donor frag­
ment also contains an isonicotinyl (iNOC) 
protecting group (22) on its NH2-terminus 
to prevent self ligation (Fig. 1). The iNOC 
group can be incorporated at the last step of 
solid phase peptide synthesis and is stable to 
anhydrous hydrofluoric acid, which is used 
to deprotect side chains and cleave peptides 
from the solid phase resin. After each liga­
tion the iNOC group can be removed from 
the peptide under mild reducing conditions 
(Zn(s) and acetic acid) to generate the free 
NH2-terminus for subsequent ligations. 

We divided RNase A into six peptide 
fragments (Table 1) based on the substrate 
specificity of subtiligase (11, 23). Subtili­
gase is efficient with large and hydrophobic 
PI donor substrates and inefficient with 
negatively charged residues or Pro at PI ' 
(24). The peptides were synthesized (25) 
and ligated together in a sequential manner 
(26). The average yield was 66 percent per 
coupling step and 86 percent per deprotec­
tion step. 
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High-performance liquid chromatogra- 
phy (HPLC) of a typical ligation reaction 
showed that the only detectable side prod- 
ucts were those resulting from hydrolysis of 
the glc-F-NH, ester (Fig. 2A). The  reduced 
full-length RNase A was oxidized and re- 
folded by treatment with protein disulfide 
isomerase as described ( 18). The final prod- 
uct (-3 mg) was purified by reversed phase 
HPLC with a yield of 54 percent based on  
integration of the active peak (Table 1 ) .  
The  synthetic RNase A was more than 98 
percent pure as assessed by SDS-polyac- 
rylamide gel electrophoresis (SDS-PAGE) 
(Fig. ZB), and its mass of 13,680 daltons 
(Table 1) was identical to that of commer- 
cial RNase A (Sigma) as determined by 
electrospray ionization mass spectrometry; 
n o  other impurities were detected. More- 
over, the synthetic RNase A catalyzed the 
hydrolysis of 2',3'-cyclic cytidine mono- 
phosphate (CMP) with a kcat of 3.3 +- 0.2 
s-l and K, of 44 +- 3 p,M, values that are 
in close agreement with those reported 
(kcat of 3.3 s p l  and K, of 42 p,M) (20). 

Three variants of RNase A (Table 2) 
were prepared in which the two active site 
histidines, His12 and His119, were replaced 
singly or together with L-4-fluorohistidine 
(fHis). This analog is isosteric with L-histi- 
dine but has a pK, that is reduced from 6.8 
to 3.5 (27). Fluorohistidine was synthesized 
(27), suitably protected (28), and incorpo- 
rated into synthetic peptides. The RNase 
variants containing fHis were prepared 
from seven peptide fragments, all of which 
were identical to those for wild-type RNase, 
except for the COOH-terminal fragment 
that was divided into two smaller fragments 
to simplify the incorporation of Mis  at  po- 
sition 119. The  average yield for the six 
combined coupling and deprotection steps 
(73 percent) was greater than that for syn- 
thesis of the wild type (56 percent) because 
we found that HPLC purification after each 
iNOC deprotection was unnecessary. Mass 
spectrometry confirmed the masses of the 
intermediate and final products at each li- 
gation step (Table 2). The  final products 
were refolded (18) and were more than 98 
percent pure as determined by SDS-PAGE 
(Fig. 2B). 

The pH-rate profiles of RNase A and 
4-fluorohistidine variants. The  hydrolysis 
of R N A  by RNase A takes place in  two 
steps, namely cleavage followed by hydro- 
lysis (14,  15, 29-31). In the first step (Fig. 
3 A ) ,  His1, in its neutral form is believed 
to deprotonate the 2'-hydroxyl for attack 
on  the phosphate to  form a 2',3'-cyclic 
phosphate intermediate. In its protonated 
form His119 is thought to  facilitate the 
reaction by donating a proton to the 5'- 
oxygen leaving group (14,  15) or to  one of 
the phosphate oxygens (30), which would 
produce a phosphorane intermediate in 

244 

route to the cleaved product. Thus, the 
acidic and basic inflection points in the 
profiles of the pH as it affects rate (pH- 
rate) for cleavage of R N A  substrates result 
from His1, and His119 serving as a general 
base and acid, respectively (Fig. 3B). 

The incorporation of fHis into RNase 
caused large changes in the pH-rate profile 
for cleavage of uridyl-3',5'-adenosine (Fig. 
3B) that are consistent with the proposed 
mechanism (Fig. 3A). For example, the 
variant in which His1, was converted to 
M i s  (H12fH) had a broadened pH-rate 
profile with about the same basic inflec- 
tion point, but a n  acidic inflection point 
that was 2 pH units lower. This was ex- 

pected from the mechanism above because 
fHis12 remains in  its active basic state at  
much lower pH. In contrast, the H119fH 
variant was virtually inactive at  any pH. 
This can be explained because the pKa of 
fHis at  119 is now lower than His1,; there- 
fore at  n o  pH will both imidazole side 
chains be in their active protonation 
states. Finally, the double mutant (H12MI 
H119M) has a pH-rate profile similar to 
wild type, but shifted down 2 pH units to 
reflect the lower pKa for the two M i s  side 
chains. Thus, lowering the pKa of the 
imidazole a t  position 12 along with that a t  
position 119 restores the proper relative 
protonation states, neutral for 12 and pro- 

Fig. 1. General strategy for synthe- R-NH-peptidey-CO-R' + H2N-peptidez -C02H 
sizing prote~ns with subtiligase. Do- 
nor peptides (left) were protected 1 1 )  Subtiligase 
on the a-amine w~th iNOC and es- 
terified on the a-carboxylate with 
glycolate-phenylalanyl amide. The 4 2) Zn/CH3C02H 
acceptor peptide (right) was fully 
deprotected. In step 1, the donor H2N-peptidey -CO-NH-peptideZ-C02~ 
and acceptor peptides, lacking 
side-chain protecting groups, were R-NH-peptidg(-CO-R' 
ligated In aqueous solution with 
subt~l~qase. The ester of the donor 
peptide was attacked by subtili- H2N-peptid%-CO-NH-peptideY -CO-NH-peptideZ-C02H 
qase to produce a thiol-acyl en- 
iyme intermed~ate. The a-amine of 
the acceptor peptide attacked the 
thiol-acyl bond on subtil~gase to re- 

0 0 
generate the free enzyme. In step 2, 
the iNOC group was removed to R = W ~ ~  . . R ~ = J \ ~ ~ N H ~  NH2 

N4 prepare the product as the accep- 0 L A  
tor peptide for the next l~gation step. lsonicotinyl ( i N ~ ~ )  g l ~ c o l a t s ~ h e n ~ l a l a n ~ l  
Steps 1 and 2 were repeated until amide (glc-F-NHP) -. 
full-lenath material was obtained. ., 
The synthesis proceeded from the most COOH-terminal fragment toward the most NH,-terminal frag- 
ment-like standard solid phase peptide synthesis (1) except that peptide fragments were coupled instead 
of single amino acids. 

Table 1. Summary of yields for the blockwise synthesis of wild-type RNase A. Peptide fragments (1-6) 
were synthesized using butoxycarbonyl (BOC) chemistry to have the following amino acid sequences: 1 ,  
iNOC-HN-KETAAAKFERQHMDSSTSAA-CO-R' (residues 1-20); 2, iNOC-HN-SSSNYCNQMMKSRN- 
LTKDRCKPVNTFVHESL-CO-R' (residues 21-51); 3, iNOC-HN-ADVQAVCSQKNV-CO-R' (residues 52- 
63); 4, iNOC-HN-ACKNGQTNCYQSY-CO-R' (residues 64-76); 5, iNOC-HN-STMSITDCRE TGSSK 
YPNCAY-CO-R' (residues 77-97); 6, H,N-KTTQANKHIIVACEGNPWPVHFDASV-C02H (residues 98- 
124) where R' is glycolate-phenylalanyl amide (see Fig. 1). The yields are based on the molar ratio of 
isolated product to the COOH-terminal substrate which was the limiting reagent in each case. The 
average yield per ligation is 66 percent and per deprotection is 86 percent. 

Yield Mass 
Step Fragment Reaction 

(%) Calc. Found 

Coupling 
Deprotection 
Coupling 
Deprotection 
Coupling 
Deprotection 
Coupling 
Deprotection 
Coupling 
Deprotection 
Refolding 
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tonated for 119. Findlay et al. (31 ) have 
shown that the optimal pH for RNase A 
activity is shifted nearly two units when 
the enzvme is assaved in 1: 1 mixture of 
dioxane and water. The addition of organ- 
ic solvent lowers the pKa of the imidazole 
side chains and results in an analogous 
shift in the pH activity profile to that seen 
for the double mutant. 

In the second and slower step of the 
reaction (Fig. 4A), the enzyme catalyzes 
the hydrolysis of the 2',3'-cyclic phos- 
phate intermediate. Here the catalytic 
roles of His1' and His119 are thought to be 
reversed (14): A neutral His119 acts as a . . 
general base to deprotonate a water mol- 

ecule for attack on the 2',3'-cyclic uridine 
monophosphate (UMP) while the proto- 
nated form of His1' acts as an acid by 
protonating the 2' oxygen. Thus, the pH- 
rate profile for hydrolysis of 2',3'-cyclic 
UMP by synthetic wild-type RNase A is 
bell-shaped (Fig. 4B) and is the same as 
that reported for commercial RNase A. 
The acidic limb is believed to reflect the 
need for a neutral His119 and the basic 
limb reflects the requirement for the pro- 
tonated form of His1'. 

Substitutions of fHis into positions 12 
and 119 again caused large changes in the 
pH-rate profiles, some of which were ex- 
pected but some were not. For example, the 

0 2 4 6 8 10 12 14 16 18 20 
Time (min) 

Fig. 2. (A) Analytical HPLC of the ligation of fragments 5 and 6 containing RNase A residues 77-97 and 
98-1 24, respectively (Table 1). A solution of fragment 5 (3 mg in 200 p1 of DMF) was added to fragment 
6 (1 0 mg) and subtiligase (0.2 mg) in 2 ml of 100 mM tricine, pH 8. The mixture was reacted for 1 hour at 
25°C and subjected to HPLC (20 to 50 percent CH,CN for 20 minutes at 1.5 ml/min). All peaks were 
identified by mass spectrometry. Peak 1 was glycolate-phenylalanyl amide generated from aminolysis 
and hydrolysis of fragment 5: peak 2 was hydrolyzed fragment 5; peak 3 was unreacted fragment 5; peak 
4 was unreacted excess acceptor peptide 6; and peak 5 was the desired ligation product (iNOC-fragment 
5-6). (B) SDS-polyacrylamide gel electrophoresis (1 6 percent acrylamide) showing synthetic wild-type 
and mutant RNase A (lanes 1 to 4). Lane 1, wild-type RNase A; lane 2, H12fH RNase A; lane 3, HI 19fH 
RNase A; lane 4, the double mutant. Each lane contained about 5 pg of protein. 

w 
5 - 
m 

8 
m 

$ 
9 

Table 2. Summary of yields for the blockwise synthesis of mutants of 4-fluorohistidine RNase A. The 
ligation junctions are the same as those used to construct wild-type RNase (Table 1) except that the 
COOH-terminal fragment (98-1 24) was divided in two (residues 98-1 15 and 11 6-1 24), which facilitated 
incorporation of (L)-4-fluorohistidine (fH) at position 11 9. Fragment peptides (1-7) had the following amino 
acid sequences: 1, iNOC-HN-KETAAAKFERQ(fH)MDSSTSM-CO-R' (residues 1-20); 2, iNOC-HN- 
SSSNYCNQMMKSRNLTKDRCKPVNTFVHESL-CO-R' (residues 21-51); 3, iNOC-HN-ADVQAVCSQ- 
KNV-CO-R' (residues 52-63); 4, iNOC-HN-ACKNGQTNCYQSY-CO-R' (residues 64-76); 5, iNOC-HN- 
STMSITDCRETG SSKYPNCAY-CO-R' (residues 77-97); 6, R-HN-KTTQANKHIIVACEGNPY-CO-R' 
(residues 98-1 15); 7, H,N-VPV(fH)FDASV-C0,H (1 16-124) where R' is glycolate-phenylalanyl amide 
(see Fig. 1). For the single mutants, H12fH and HI 19fH, peptides containing histidine in place of 
fluorohistidine were substituted at positions 119 and 12, respectively. The yields for combined coupling 
and deprotection steps are based on molar ratio of isolated product compared to the COOH-terminal 
substrate which was the limiting reagent in each case. 

Step Reaction 

__C 

Yield Mass 

(%I Calc. Found 

1 6 + 7  61 2937.4 2938.1 
2 5 + (6-7) 77 5252.0 5252.5 
3 4 + (5-7) 78 6713.1 6714.0 
4 3 + (4-7) 80 7957.4 7958.2 
5 2 + (3-7) 68 11 539.4 1 1540 
6 1 + (2-7) 73 13724.0 13725 
7 Refolding 50 1371 6.0 13717 (H12fH/H119fH) 

55 13688.0 1 3689 (HI 2fH) 
55 13688.0 1 3689 (H 1 1 9fH) 

Std 1 2 3 4 

4 

inflection points in the pH-rate profile for 
the H12fH variant were surprisingly close 
to those for wild-type RNase A (Fig. 4B) 
and the catalytic activity was only six times 
lower. This indicates that His1' may not be 
responsible for the basic limb of the pH 
profile, and that His1' probably plays a mi- 
nor catalytic role in this step. The single 
H119fH substitution caused a lowering of 
the acidic limb of the pH-rate profile by 
about 2 pH units for step 2, but an unex- 
pected shift in the basic limb as well (Fig. 
4B). The double mutant and the single 
H119fH variant had similar inflection 
points further suggesting that the protona- 
tion state of His12 is not critical. 

These data are consistent with His119 
acting as a general base in step 2, but do not 
support the role of His'' as an acid. This 
raises the questions: what is responsible for 
the basic limb of the pH-rate profile for step 
2, and why do both limbs shift for the 
H119fH variant? It is conceivable that the 
basic limb is caused by a protonated form of 
Lys41, which is nearby and is believed to 
stabilize the negatively charged phosphate 
by way of an electrostatic interaction (Fig. 
5). Mutations at Lys41 profoundly affect 
catalysis (32). Furthermore, hydrolysis of 
the cyclic phosphate may occur by the 2' 
oxygen receiving a proton directly from sol- 
vent. Thus, for the H119fH variant, it is 
possible that the acidic limb reflects the 
need for a neutral imidazole at position 119 
and the basic limb results from the reduc- 
tion in the concentration of protons in 
solution. Additional experiments are need- 
ed to clarify these possibilities. 

The interpretation of protonation states 
of residues in the active sites of enzymes 
based on pH-rate profiles can present prob- 
lems (33) because among others, the micro- 
environment of the enzyme can affect the 
pK, of residues. However, the micro envi- 
ronment of the active site for the wild-type 
or fHis variants should be similar, and 
therefore should affect the pKa's of either in 
a similar fashion. Changes in the pH-rate 
profile observed at low pH probably do not 
reflect large structural changes because 
RNase A is stable to acid denaturation 
down to pH 3 (14). In addition, it is un- 
likely that the fHis substitutions alter the 
structure of the RNase because fluorohisti- 
dine is isosteric with histidine. In fact, a 
shortened version of the ribonuclease 
S-peptide (residues 1-15) has been previ- 
ously synthesized containing (L)-4-fluoro- 
histidine at position 12 and reassociated 
with RNase S-protein (residues 21-124) to 
form a noncovalent RNase S complex. 
Crystallographic studies of this mutant 
complex showed that the overall backbone 
structure and side-chain configuration of 
the 4-fluorohistidine mutant was un- 
changed relative to wild-type RNase S (35). 

29- rCd) -F 

18 - 
14 - 
6 - 
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Although the pH-rate profiles were not re- ic rates are only slightly reduced from the 
ported, it was noted that the semisynthetic wild-type enzyme. Thus reducing the pK,'s 
complex was devoid of catalytic activity. of the imidazoles by -3 pH units does not 

We find that incorporation of fHis into grossly affect the ability of the enzyme sub- 
full-length RNase A causes large shifts in strate complex to reach either of the two 
the pH-rate profiles yet the relative catalyt- transition states. This suggests the proton 

Substrate Product 

step 1 HQN: d 0- - + R-OH 
R 

Fig. 3. (A) Mechanism of cleav- 
age of the dinucleotide RNA sub- 
strate [uridyl-3',5'-adenosine 
(UpA)] by RNase A (74). His12 
acts as a general base whereas 
His1 lg  acts as a general acid. (B) 
Plot of relative rate as a function 
of pH for cleavage of UpA. The 
initial rate of UpA cleavage was 
measured spectrophotometri- 
cally by means of an adenosine 
deaminase coupled assay (79). 
Assavs were Derformed at 25°C 

100 mM tricine 6.5 to 9). The 
relative rate at each pH was de- 
termined by addition of substrate 
(2 mM final) to enzyme (0.1 hM) - - - - - -~ 

in the appropriate buffer.  he 2 3 4 5 6 7 8 9  
spontaneous background rate of 
cleavage (no enzyme) was deter- pH 
mined at each pH and subtracted from the enzyme-catalyzed rates to yield corrected values. The 
products of each assay were separated by HPLC and identified by mass spectrometry. 

Substrate Product 

Fig. 4. (A) Mechanism of the hy- 
drolysis of cyclic 2',3' uridine 
monophosphate (cyclic UMP) by 
wild-type and 4-fluorohistidine 
mutants of RNase A. The roles of 
the catalytic histidines are thought 
to be reversed relative to step 1 
(Fig. 3A) with His12 acting as a 
general acid and His1 as a gen- 
eral base (74). (B) The rate of cy- 
clic UMP hydrolysis was mea- 
sured spectrophotometrically as 
described (20). Assays were per- 
formed and analyzed as in Fig. 3 
except that the initial substrate 
and enzyme concentrations were 
1 mM and 1 )LM, respectively. 

PH 
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transfer steps are not rate-limiting assuming 
the imidazoles are in their proper protona- 
tion states. These data are not inconsistent 
with studies showing that mutation of Hid2 
or His119 to alanine decreases activity of 
step 1 by lo4 and lo3 times, respectively 
(36). When the imidazoles are absent, pro- 
ton transfer may then be a rate-limiting step 
because the enzyme depends on the solvent 
(instead of the imidazoles) as the immediate 
source of protons or hydroxide ions. Our 
data support proposals that the imidazoles 
function as general acids and bases in step 1 
but that they deliver and accept protons 
before or after the transition state is 
reached. 

Use of subtiligase in peptide and pro- 
tein synthesis. The incorporation of unnat- 
ural amino acids (4, 37, 38) allows the 
electronic and steric properties of enzymes 
to be altered in wavs not ~ossible when 
conventional site-directed mutagenesis is 
used. The use of subtiligase for synthesis of 
large peptides or proteins offers many ad- 
vantages. The protein can be assembled 
sequentially in blocks of 10 to 30 residues 
thus making much larger proteins synthet- 
ically accessible. The esterified peptide frag- 
ments are easy to synthesize using solid 
phase techniques (25), and no labile esters 
(4) are introduced in the final protein prod- 
uct. Side chains are fully deprotected prior 
to ligation making the peptides more solu- 
ble in water. The peptide ligations are done 
in solution and each ligation intermediate 
is purified by HPLC; thus side products are 
not carried through the svnthesis. More- " 
over, milligram quantities of product can be 
~roduced and multi~le substitutions can be 
made in the same protein. This is in con- 
trast to in vitro transcription/translation 
methods (37, 38) where products are pro- 
duced typically in microgram amounts and 
substitutions are limited in practice to a 
single site. 

Fig. 5. Active site residues (Hisq2, Hisiig, and 
Lys41) of RNase A complexed to a uridine vana- 
date transition state analog inhibitor (in grey) taken 
from a 1.8 A neutron structure (75). The relevant 
distances (A) from side chains to inhibitor are 
shown (dashed yellow lines). 



The subtiligase synthetic technology is, 
however, limited to proteins that can be 
refolded in vitro. The size of the nrotein one 
can synthesize is limited to the ability to 
prepare synthetic fragments. Although the 
subtiligase has rather broad specificity re- 
quirements (1 1 ,  23), care must be taken in 
designing ligation junctions to be compati- 
ble with the enzyme. The average yield per 
ligation is high (-75 percent); however, 
the overall yield for the six ligation steps 
was 15 percent, and after refolding was 8 
percent (Table 2). Nonetheless, one can 
obtain synthetic RNase A in 10-mg quan- 
tities from 100 mg of starting peptide. 

The subtiligase technology can be adapt- 
ed to semi-synthesis of proteins; peptides 
have been lieated onto the NH,-terminus - 
of natural or recombinant proteins or pro- 
tein fragments (23). Protein svnthesis with - . , 

subtiligase may allow more efficient produc- 
tion of proteins that are poorly expressed by 
recombinant means due to instability or 
toxicity. Finally, the efficient incorporation 
of synthetic amino acids into proteins great- 
ly enhances the ability of chemists and 
biologists to understand existing proteins 
and to create new proteins with altered and 
useful properties. 
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