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The ability to covalently modify proteins enables researchers 
to effectively interrogate and perturb their biological func-
tions. Most purely chemical methods for protein labeling 

modify many proteins in a biological mixture and yield heteroge-
neous products that are difficult to characterize1. While technolo-
gies such as unnatural amino acid incorporation2,3, inteins4, small 
molecule-reactive peptides5 and epitope-specific enzymes6 enable 
chemo- and site-selective modification in biological systems, they 
typically require genetic manipulation of the protein of interest to 
introduce an amber stop codon or peptide tag, potentially altering 
its biological properties and limiting applicability to settings where 
target gene manipulation is possible. The ability to manipulate 
endogenous proteins in a site-specific manner would enable target 
labeling even in complex biological mixtures and would be espe-
cially useful when genetic manipulation is impractical. To explore 
this possibility, we sought to evolve a versatile epitope-specific 
enzyme to recognize and covalently modify a peptide sequence 
natively present in a pathogenic protein.

Sortase transpeptidases are a superfamily of enzymes widely dis-
tributed throughout Gram-positive bacteria7. Staphylococcus aureus 
sortase A (SrtA) is responsible for attaching proteins that contain a 
C-terminal LPXTG sorting sequence to the cell wall8. The enzyme 
cleaves between the threonine and glycine of the sorting sequence, 
forming an acyl-enzyme intermediate that subsequently acylates 
the primary amine of the pentaglycine of the peptidoglycan9. SrtA 
shows a strong preference for its LPXTG sorting sequence10, but 
studies have revealed that it will accept a variety of glycine-based 
(and some non-glycine) nucleophiles11. These properties make SrtA 
an attractive tool for site-specific protein modification. Indeed, SrtA 
has been successfully used for both C-terminal and N-terminal pro-
tein labeling, as well as protein circularization and semisynthesis of 
multi-domain proteins12–17.

Engineering of sortases for improved activity on both their 
cognate and new substrates has been an area of active research 

for almost a decade18,19. Our group previously used yeast display  
and fluorescence-activated cell sorting (FACS) to improve the 
kinetics of SrtA on LPETG20 and to evolve sortase variants that 
accept single amino acid substitutions at the second or fourth 
position of the recognition sequence21. In this study, we sought 
to reprogram the specificity of SrtA to covalently modify the 
Alzheimer’s disease (AD)-associated Aβ protein. The formation 
of Aβ plaques in the central nervous system is the hallmark of 
AD22. Despite the clinical importance of Aβ, its physiological 
functions and its role in AD pathogenesis are not clearly under-
stood23–25. The ability to modify Aβ site-specifically might help 
illuminate its biological role, impede Aβ plaque formation or 
facilitate our understanding of AD pathogenesis. Since Aβ mono-
mers are predominantly extracellular26, unstructured27,28 and 
contain a five-amino-acid sequence (LMVGG at residues 34–38) 
that shares features with sortase’s native recognition sequence, 
sortase-mediated conjugation is an attractive strategy to achieve 
site-specific modification of Aβ.

Over 16 rounds of evolution we generated a sortase variant, 
SrtAβ, which mediates the covalent modification of Aβ peptides. 
We used SrtAβ to biotinylate and detect endogenous Aβ in clinical 
cerebrospinal fluid (CSF) samples at concentrations of 2–19 ng ml−1. 
We also demonstrated that SrtAβ-mediated conjugation of a hydro-
philic pentapeptide to Aβ42 greatly slows the initiation of detectable 
aggregation. This work establishes the evolution of sortase enzymes 
to site-specifically modify naturally occurring proteins without 
requiring modification of endogenous genes.

Results
Initial evolution of SrtA to recognize Aβ. We sought to evolve SrtA 
variants that modify Aβ using yeast display20,29–31 and FACS (Fig. 1). 
Briefly, a yeast display library of sortase variants is conjugated to 
triglycine peptides with N termini that are free for sortase-catalyzed 
reactions. The library is then incubated with an N-terminally bio-
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tinylated target substrate and non-biotinylated off-target substrates. 
Sortase variants that catalyze transpeptidation between triglycine 
and the target substrate biotinylate the surfaces of the yeast cells 
that encode them. Activity on off-target substrates by promiscu-
ous sortase variants leads to reduced biotinylation of the cells that 
encode them. After removal of cell surface-displayed sortases with 
Tobacco Etch Virus (TEV) protease (Supplementary Fig. 1), cells are 
stained with fluorophore-linked streptavidin and the biotinylated 
cells encoding active and selective sortase variants are isolated by 
FACS (Extended Data Fig. 1).

We started our evolution from a library of sortase variants previ-
ously evolved to recognize LPESG substrates (library 4S.6). Given 
that our target sequence, LMVGG, deviates from the wild-type 
(WT) sorting sequence, LPXTG, at the second and fourth positions, 
we reasoned that mutants already possessing altered substrate rec-
ognition at the fourth position were a more promising starting point 
than WT SrtA. We diversified this starting pool by error-prone PCR 

to create the round 1 library of 4.8 × 107 variants. To identify vari-
ants that preferred glycine over serine at the fourth position, we 
used biotinylated LPVGG as an initial positive selection substrate. 
The stringency of the screen was gradually increased by decreasing 
the biotinylated LPVGG concentration and increasing the off-target 
non-biotinylated LPESG substrate concentration (Supplementary 
Table 1). We isolated individual clones after five cycles of enrich-
ment. Prominent mutations from round 1 included R94P, S118I, 
G134R and V189F (Table 1).

We rediversified the pool by error-prone PCR to create the round 
2 library. This library showed sufficient activity on biotinylated 
LMVGG to permit FACS using this substrate. As in round 1, strin-
gency was increased by reducing the amount of positive selection 
substrate while increasing the amounts of negative selection sub-
strates, in this case LPVGG and LMVTG (Supplementary Table 1). 
After round 2, we observed that the S118I, G134R and V189F muta-
tions from round 1 had persisted but that the identity of residue 
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Fig. 1 | yeast display strategy for sortase evolution. A population of yeast displays a library of approximately 107 SrtA variants: (1) triglycine is conjugated 
to the surface of each cell with Sfp; (2) cells are incubated with biotinylated target substrate and non-biotinylated off-target substrates; (3) after allowing 
the SrtA variants to catalyze transpeptidation between triglycine and the added substrates, cells are washed and the SrtA variants are removed from their 
surfaces using TEV protease. Cells are labeled with an anti-HA antibody (green) to quantify sortase expression and streptavidin-phycoerythrin (red) to 
quantify transpeptidation between triglycine and the positive selection substrate. Active sortase variants (blue) have higher on-target transpeptidation per 
unit expression than inactive variants (yellow) or promiscuous variants and can be isolated by FACS; (4) collected cells were grown, reinduced and further 
enriched for target recognition.
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94 was diverse (tyrosine, leucine, arginine, proline, histidine or glu-
tamine) among sequenced clones. In addition, approximately 98% 
of sequenced clones had mutations at residue 124 (aspartic acid to 
glycine, leucine or tyrosine).

Rounds 3–7 consisted of iterative cycles of diversification by 
error-prone PCR and FACS screening for activity on biotinylated 
LMVGG with progressively higher stringencies (Supplementary 
Table 1). At the end of round 3, we observed a clone that represented 
3.5% of the population and contained the new mutations K138I, 
V182A, T196S and R197S, in addition to the previously observed 
mutations R94Y, S118I, D124L, G134R and V189F. By the end of 
round 4, this clone represented 74% of the population (Table 1), 
suggesting a substantial fitness benefit from some combination of 
K138I, V182A, T196S and R197S.

The most common sequence emerging from round 5 (36% of 
the population) was the round 4 consensus sequence plus an I123L 
mutation. I123L was the most common new mutation emerging in 
round 5, present in 67% of sequenced clones. Notably, the V182A, 
T196S and R197S mutations that first appeared at the end of round 
3 reached 100% prevalence in the population. Following two addi-
tional rounds of diversification and sorting, the consensus sequence 
of the round 7 pool (29% of the population) contained R94Y, S118I, 
I123L, D124L, G134R, K138I, K173E, V182A, V189F, T196S and 
R197S (Table 1). Analysis of previous sequencing data showed that 
this clone first appeared at the end of round 5, where it made up 9% 
of the population.

Of these 11 mutations, we were particularly interested in V182A, 
T196S and R197S because of their early prevalence. Additionally, 

Table 1 | Mutations observed in evolved sortase variants

Mutation 
(relative to 
4S.6 starting 
variant)

Sortase clones

R1 R2 R4 R5 R7 R8 8.5-h3 R9 R10 R11 R12 R13 SrtAβ

K62 R R R R R R R

A73 V V

I76 L L L L L L L

R94 P Y Y Y Y

S102 C

E105 D D

N107 D D D D D D D

S118 I I I I I I I I I I I I I

A122 W

I123 L L L L L L L L L L

D124 G L L L L L L L L L L L

N127 Y Y H H H H

G134 R R R R R R R R R R R R R

K138 I I I L I I L L L L L

G139 D

M141 I

K145 T T T T T T

G147 C

N148 S

K152 R

M155 I I I I

S157 R

R159 C H C C C C C

K162 R

D170 E E E

Q172 H H H H H

K173 E E E E E E E E

K177 R R R

V182 A A A A A A A A A A A

V189 F F F F F F I I F F F F Y

T196 S S S S S S S S S S S

R197 S S S S S S S S S S S

K206 E E R

Mutations in representative clones from rounds 1–16 are shown relative to the evolutionary starting sequence of clone 4S.6. These clones were the most abundant sequences in the evolving pool at the end 
of their rounds except for clones 8.5-H3 and SrtAβ, which were identified by single clone FACS at the end of round 8 and round 16, respectively.
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mutations at residues 182 and 196 were previously observed in SrtA 
variants with improved activity or single-position altered substrate 
recognition20,21, while residue 197 is a crucial part of the active site in 
WT SrtA32–35. We generated the round 8 library using site saturation 
mutagenesis at these three positions followed by error-prone PCR. 
Mutations V182A, T196S and R197S remained fixed in sequences 
emerging from round 8, confirming the fitness advantage afforded 
by these three mutations. Additional well-represented muta-
tions that appeared in round 8 include K62R (present in 84% of 
sequenced clones), I76L (60%), the reversion mutation Y94R (62%), 
N107D (20%), N127Y (15%), I138L (15%), K145T (15%), M155I 
(20%), R159C (15%), K173E (57%), K177R (24%) and F189I (35%).

SrtA evolution in human plasma. While the above screens for 
sortase activity on LMVGG were conducted in Tris-buffered saline 
(TBS) buffer, our goal of modifying Aβ in endogenous contexts 
requires that the evolved enzyme be active in biological fluids. Our 
previous work revealed that sortase enzymes evolved for LPESG 
recognition—including clone 4S.6, the starting point of this study—
are capable of modifying fetuin-A in human plasma, presumably 
through its native LPPAG sequence21. Indeed, a fourfold molar 
excess of a round 8 clone also supported labeling of purified fetuin-A 
in Dulbecco’s PBS (Supplementary Fig. 2a) and overnight incuba-
tion of human plasma with 50 μM of evolved sortase and 1 mM of 
GGGK(biotin) also led to fetuin-A labeling (Supplementary Fig. 
2b). To evolve decreased recognition of fetuin-A, we conducted 
additional rounds of evolution with negative selection against the 
LPPAG sequence of fetuin-A. This negative selection was achieved 
by including the LPPAG peptide in our sortase reaction mixtures 
(round 9) and by conducting the sortase reactions directly in human 
plasma (rounds 10–16). Over these eight rounds of evolution, we 
generated a sortase variant with greatly reduced activity on fetuin-A 
relative to the starting sortase 4S.6 (Supplementary Fig. 2c,d).

Between the end of round 8 and the beginning of round 9, 
we generated and analyzed the activity of a series of single rever-
sion mutants from the round 7 consensus sequence. These data 
(Supplementary Fig. 3) revealed the importance of mutations at 
residues 94, 123 and 124. As such, we conducted site saturation 
mutagenesis at these three residues and adjacent residue 122, fol-
lowed by error-prone PCR to generate the round 9 library. Increased 
off-target LPPAG concentration and decreased reaction times were 
used to increase selection stringency over the course of round 9 
screening (Supplementary Table 1). Sequencing the pool at the end 
of round 9 revealed enrichment of many mutations that we first 
observed in round 8. This included K62R (up to 100% from 84% of 
sequenced clones), I76L (up to 97% from 60%), the reversion muta-
tion Y94R (up to 91% from 62%), N107D (up to 61% from 20%), 
I138L (up to 42% from 15%), K145T (up to 55% from 15%), R159C 
or H (up to 21% and 53% from 15% and 4%, respectively), K173E 
(up to 85% from 57%), K177R (up to 72% from 24%) and F189I (up 
to 72% from 35%) (Table 1).

To maintain selection against fetuin-A recognition while intro-
ducing selection against other motifs that exist in human plasma, we 
conducted the sortase reactions for our screens directly in human 
plasma from round 10 onward; 100-fold-higher concentrations of 
biotinylated LMVGG were initially needed to observe sortase con-
jugation in human plasma than were needed to observe conjuga-
tion in TBS, suggesting that specific labeling of the desired target is 
more difficult in plasma (Supplementary Table 1). Analysis of the 
round 10 sequencing results showed further enrichment of N107D 
(present in 95% of sequenced clones), N127Y (56%), M155I (35%) 
and K145T (98%). The Y94R reversion, I138L, R159C and K173E 
all reached 100% abundance by the end of round 10. New mutations 
included N127H (27%) and Q172H (65%). Round 11 resulted in 
further enrichment of N127H (present in 75% of sequenced clones), 
M155I (70%), Q172H (100%) and appearance of the G139D (28%). 

N172H and M155I were further enriched in round 12 (both to 87% 
abundance), where an E105D mutation appeared in 32% of clones. 
By the end of round 13, E105D was found in 88% of sequenced 
clones.

Our inability to use more stringent conditions in round 14 than 
in round 13 (Supplementary Table 1), coupled with the low con-
vergence of the resulting pools, prompted us to use DNA shuffling 
in an attempt to escape a potential fitness plateau. We shuffled the 
round 14 pool with the evolved SrtA pentamutant in a 1:1 ratio 
and subjected the products to error-prone PCR to create the round 
15 library. In round 15, we used Aβ40 conjugated to biotin at its 
N terminus through an aminohexanoic acid linker (biotinylated 
LC-Aβ40) as the target substrate instead of biotinylated LMVGG 
to ensure activity on the full target peptide and not only the rec-
ognition motif. In round 16, we used a 1:1 mixture of biotinylated 
LC-Aβ40 and biotinylated LC-Aβ42 to select for activity on two differ-
ent Aβ alloforms. The most notable mutation to emerge in round 16 
was S102C, which was present in all 4 of the most active individual 
clones. Other mutations of note include M141I, K152R and K206R. 
Given the level of activity already observed and the lack of addi-
tional strongly enriching mutations after round 13, we ended the 
evolution campaign and characterized the evolved sortase enzymes.

Flow cytometry analysis of the pools at the end of each screening 
round revealed an upward trend in activity on the LMVGG sub-
strate (from round 1 through to round 9; Extended Data Fig. 2). An 
initial downward trend in pool activity was observed on switching 
to human plasma as the reaction buffer. This downward trend was 
reversed in round 12, but activity dropped and plateaued again in 
rounds 13 and 14. The noticeable increase in activity from round 
14 to round 15 both in TBS and plasma (43% increase in TBS, 54% 
in plasma) suggested that DNA shuffling was a successful strategy 
to escape an apparent fitness plateau; the overall trend in strongly 
increased activity between round 1 and round 16 confirmed a suc-
cessful evolutionary campaign for a SrtA variant with activity on 
Aβ.

Characterization of key mutants and mutational analysis. At the 
end of round 8, individual variants were isolated by sorting single 
cells into a 96-well plate. The activity of 32 evolved sortase clones 
towards LMVGG and LPVGG was assessed by a flow cytometry 
assay (Extended Data Fig. 3). Clone 8.5-H3 demonstrated the best 
combination of activity on LMVGG and selectivity over LPVGG. 
When expressed and purified, this variant was active on LMVGG 
in an established HPLC assay for SrtA activity36, converting 10% of 
10 μM of substrate to product in 2 h, an improvement from previ-
ous rounds (Extended Data Fig. 4). Kinetic parameters for 8.5-H3 
were determined to be Kcat = 0.012 s−1 (95% confidence interval 
(CI) = 0.009–0.017 s−1) to with KM = 52 μM (95% CI = 29–103 μM) 
using an established fluorescence assay36,37. Western blot analysis 
revealed that variant 8.5-H3 conjugated a variety of Aβ isoforms 
to GGGK(biotin), demonstrating that sortases evolved to process 
LMVGG also show activity on Aβ (Extended Data Fig. 5).

Individual variants from round 16 were sorted and reassayed 
for LMVGG activity at the end of the round. The top variant from 
round 16 (SrtAβ) was assayed by flow cytometry on a panel of sub-
strates, which revealed a greatly altered activity profile from the 
starting enzyme 4S.6 (Fig. 2a). The results were consistent with 
positive selection for activity on LPVGG in round 1 and LMVGG 
in subsequent rounds with negative selection against LPESG in 
round 1 and against LPPAG in rounds 9–16. Compared to the start-
ing enzyme 4S.6, SrtAβ had a 53-fold reduced activity on LPESG, 
11-fold reduced activity on LPPAG and 28-fold increased activity 
on LMVGG (Fig. 2a). SrtAβ had a 30-fold preference for LMVGG 
over LPESG, whereas 4S.6 had a 49-fold preference for LPESG over 
LMVGG. Overall, SrtAβ evolved a 1,470-fold change in preference 
to favor LMVGG over LPESG.
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SrtAβ contains 25 mutations relative to the starting sortase 
enzyme 4S.6. To determine the relative importance of individ-
ual mutations to activity on LMVGG, we reverted each mutation 
back to its corresponding residue in the starting enzyme. These 25 
single-mutant variants were assayed alongside SrtAβ and 4S.6 by 
flow cytometry (Fig. 2b). Eleven of the reversions reduced enzyme 
activity by less than 25%, 8 reduced activity between 25 and 50% 
and 6 reduced enzyme activity by at least twofold. Notably, rever-
sion mutations at residues 118 and 197 reduced activity on the 
LMVGG substrate greater than 90%, near the low level of activity 
demonstrated by the starting enzyme 4S.6. Two of these six muta-
tions are at residues that were identified as modulators of sortase 
substrate specificity in our previous evolution campaigns (residues 
118 and 182) (ref. 21), but the remaining four were at new residues. 
Notably, three of these four new residues were outside of the sub-
strate binding pocket and the fourth, R197, was highly conserved 
across the sortase superfamily. It has been suggested that R197 in 
WT S. aureus SrtA stabilizes the binding of the LPXTG sorting 
signal or the oxyanion intermediates generated during catalysis35. 
That a nonconservative mutation at this residue is not only toler-
ated, but required, is surprising. These results highlight the chal-
lenge of a priori prediction of mutations that alter SrtA specificity 
and the importance of including random mutagenesis as a diversi-
fication strategy (Fig. 2c)35. A minimal mutant containing these six 
mutations in the 4S.6 background showed a fourfold improvement 
in LMVGG activity relative to 4S.6, but 23-fold lower activity than 

SrtAβ (Fig. 2d). This result confirms that other mutations, although 
less important individually, collectively contribute to substantially 
improved target activity. Four of these other mutations, in addition 
to R177K, are at residues located near the calcium binding site in the 
WT enzyme. Assaying SrtAβ activity at various calcium concentra-
tions revealed compatibility with a broad range of concentrations 
(0.1–10 mM) that include physiological calcium concentrations, but 
confirmed that calcium is still required for activity (Supplementary 
Fig. 4).

To confirm that the shift in substrate specificity observed in the 
flow cytometry assay translated to purified enzymes, we determined 
the kinetic parameters of 4S.6 and SrtAβ on LPESG and LMVGG 
using an HPLC assay (Extended Data Fig. 6). Sortase 4S.6 showed 
Kcat = 0.36 s−1 (95% CI = 0.22–0.96 s−1) and KM = 610 μM (95% 
CI = 90–5,550 μM) on LPESG, whereas SrtAβ activity on LPESG 
was too low to establish accurate kinetic parameters. SrtAβ had 
Kcat = 0.018 s−1 (95% CI = 0.015–0.023 s−1) and KM = 128 μM (95% 
CI = 87–198 μM) on LMVGG, whereas 4S.6 activity on LMVGG was 
not detectable. These findings confirm that the evolution resulted in 
a large change in substrate preference, which is consistent with the 
>1,400-fold change observed in the flow cytometry assays (Fig. 2a).

To obtain a more quantitative understanding of our evolved 
enzyme’s activity on Aβ40 in plasma, we developed an ELISA to mea-
sure biotinylated Aβ. Streptavidin was used to capture biotinylated 
peptide and detection was accomplished using 4G8, a monoclo-
nal antibody that recognizes Aβ residues 17–24. Aβ40 labeled with 
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Fig. 2 | Activity profile and mutational analysis of SrtAβ. a, The evolved SrtAβ and starting enzyme 4S.6 were displayed on yeast and assayed for their 
ability to catalyze transpeptidation on different substrates. b, SrtAβ, 4S.6 and all 25 single reversion mutants were displayed on yeast and assayed for their 
ability to catalyze transpeptidation between triglycine and biotinylated LMVGG. Reversion mutants with activity less than half that of SrtAβ are highlighted 
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GGGK(biotin) was used as the calibrant. Employing this assay, we 
confirmed SrtAβ activity on Aβ40 spiked into human plasma, with 
1.5 μM of SrtAβ generating 2.3 μM of biotinylated product from 
5 μM of Aβ40 in 2 h (Extended Data Fig. 7a). As we expected, increas-
ing the amount of GGGK(biotin) nucleophile greatly improved 
reaction yields (Extended Data Fig. 7b).

Concentrations of Aβ peptides are important biomarkers of AD. 
This is especially true of Aβ42 in CSF, where a decrease to roughly 
50% of baseline Aβ42 levels is typically observed in patients with 
AD38. To enable labeling and detection of physiologically relevant 
amounts of Aβ, we changed the format of the ELISA to capture the 
product with monoclonal antibody m266 (the epitope of which 
spans Aβ residues 13–26) and detect with horseradish peroxidase 
(HRP)-conjugated streptavidin. After optimizing the concentra-
tions of various assay components, we consistently detected and 
quantified Aβ-biotin conjugates at concentrations comparable to 
commercial Aβ ELISA kits (Supplementary Table 2). The lower 
limit of quantitation is defined as the lowest standard with a sig-
nal higher than the average signal of the blank samples plus 9 s.d. 
and allows a percentage recovery of 80–120%. In six runs over 6 d, 
the lower limit of quantitation for our assay was 39–78 pg ml−1 or 
roughly 10–20 pM. Using this SrtAβ-mediated assay, we observed 
that labeling of Aβ40 spiked into human plasma at concentrations as 
low as 5 nM (Extended Data Fig. 7c). Given that typical Aβ concen-

trations in human CSF are on a similar order of magnitude, these 
observations suggest the possibility of using SrtAβ to label endog-
enous Aβ in CSF, where the generation, clearance and aggregation 
of Aβ are all intimately connected with AD etiology24,39.

SrtAβ labels endogenous Aβ in CSF. The ability to site-specifically 
modify endogenous Aβ in CSF would provide researchers with new 
ways to interrogate or influence these dynamic processes. Thus, we 
sought to demonstrate labeling of endogenous Aβ in CSF. First, we 
measured Aβ levels in CSF samples using immunoassays specific for 
Aβ terminating at Val40 or Ala42 (ref. 40). Because sortase-mediated 
conjugation of Aβ40 and Aβ42 destroys the C-terminal epitopes used 
for immunodetection, we reasoned that this reaction would cause 
a loss of ELISA-measured signal. Indeed, after treating the samples 
with SrtAβ and GGG, we observed losses in signal ranging from 47 
to 77%, confirming that the enzyme was active in the CSF (Fig. 3a).

While this loss of signal is consistent with transpeptidation, it 
might also be explained by hydrolysis or interference of the sortase 
enzyme with the binding of the detection antibody. Loss of signal 
due to aggregation is unlikely since we have previously shown that 
incubation of biological samples at room temperature for up to 24 h 
does not alter detection of Aβ42 (ref. 41). Besides the enzyme and 
GGG, the only difference between treated and untreated samples 
was the addition of calcium, a cation known to influence in vitro 
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aggregation of Aβ42. However, CSF already contains micromo-
lar levels of calcium and it is unlikely that a modest increase in 
calcium would induce aggregation of Aβ present at nanomolar 
concentrations.

To obtain a more direct readout of transpeptidation activ-
ity, we generated AβM1–37-GGGK(biotin) semisynthetically 
(Supplementary Fig. 5a) and used it as our standard to detect the 
reaction product generated by SrtAβ-catalyzed conjugation with 
GGGK(biotin). As before, Aβ peptides were captured using the 
m266 antibody and detected via HRP-conjugated streptavidin. 
We observed Aβ labeling efficiencies of 13–56% (Fig. 3b). Given 
that only transpeptidation can lead to a gain of signal in this assay, 
these efficiencies are, as expected, lower than those observed with 
GGG labeling. The lower efficiency is not likely due to SrtAβ pre-
ferring GGG over GGGK(biotin) since reactions of chemically 
synthesized Aβ with equimolar amounts of different triglycine 
nucleophiles yielded similar amounts of transpeptidation products 
(Supplementary Fig. 5b). The variable labeling efficiencies across 
samples suggests that this method requires further optimization 
for use in the absolute quantification of Aβ. Nonetheless, these data 
demonstrate the ability of the evolved SrtAβ enzyme to modify 
endogenous Aβ in human CSF.

Sortagging Aβ42 alters aggregation kinetics. Next, we sought to 
conjugate Aβ to a molecule that would impede its aggregation. 
Previous studies showed that the hydrophobic C terminus of Aβ42 
is well-resolved in the NMR solution structure of Aβ42 fibrils43. We 
hypothesized that the replacement of hydrophobic C-terminal resi-
dues with more hydrophilic residues would alter the aggregation 
propensity of the resulting peptides.

To test this possibility, we expressed and purified Aβ42 as reported 
previously44. Immediately after batch purification, we treated a por-
tion of the recombinant Aβ42 (20 ml of approximately 40 μM) over-
night with 20 μM of SrtAβ and 200 μM of GGGRR. Transpeptidation 
should replace the last five residues of AβM1–42, GVVIA, with 
GGGRR yielding a more hydrophilic 43-mer. As expected, AβM1–

37-GGGRR, the identity of which was confirmed by MS, eluted 
from reverse-phase HPLC before AβM1–42 (Supplementary Fig. 
5c). We then directly compared the aggregation propensity of the 
HPLC-isolated AβM1–37-GGGRR to that of recombinant AβM1–42 
from the same initial batch purification.

Using a continuous thioflavin T (ThT) binding assay45, the 
SrtAβ-modified peptides were found to take much longer to 
nucleate into aggregates. The lag time to initiation of detectable 
aggregation for 20 μM of AβM1–42 occurred within 5 min, whereas 
the lag time for 20 μM of AβM1–37GGGRR was 8.2 h. The modi-
fied peptides also took approximately 40-fold longer to reach half 
maximal aggregation (0.70 or 0.56 h for 10 or 20 μM of AβM1–42 
versus 28 or 14.6 h for 10 or 20 μM of AβM1–37GGGRR) (Fig. 4). 
The impaired aggregation of SrtAβ-modified AβM1–42 was repli-
cated with recombinant AβM1–37GGGRR (Extended Data Fig. 8). 
In contrast to the delayed kinetics of aggregation, the maximum 
ThT signals of C-terminally modified fibrils were higher (46,000 
versus 14,000 relative fluorescence units (RFU) at 20 μM, 30,000 
versus 5,000 RFU at 10 μM). Thus, while the lag time for AβM1–

37GGGRR was much longer than for AβM1–42, the rate of aggrega-
tion and the extent of ThT binding was greater for AβM1–37GGGRR. 
These results indicate that modification of the Aβ C terminus 
delays nucleation; once nuclei are formed, elongation is rapid and 
the structure formed binds ThT in a manner distinct from Aβ42. 
Indeed, EM analysis of aggregation end products revealed sub-
stantial ultrastructural differences in the fibrils formed by AβM1–

37GGGRR and AβM1–42 (Extended Data Fig. 9). Collectively, these 
results establish the modification of a disease-associated form of 
Aβ to a form less prone to aggregation by transpeptidation using a 
laboratory-evolved sortase enzyme.

Discussion
We used a yeast display selection strategy over many rounds of 
evolution to generate a sortase enzyme capable of site-specifically 
modifying Aβ peptides. We leveraged the ability to tailor reaction 
conditions during selection by lowering the concentration of tar-
get substrate, altering the kinetic requirements to survive selection 
and introducing various decoy off-target substrates, thereby tun-
ing selection stringency for activity and specificity. After 16 total 
rounds of evolution, we generated a sortase variant that prefers 
LMVGG 30-fold over LPESG, a large change in specificity from 
a starting enzyme that prefers LPESG 49-fold over LMVGG. To 
our knowledge, this work represents the first example of a sortase 
enzyme evolved for activity on a substrate with mismatches at mul-
tiple amino acids in its recognition sequence.

Previous efforts to reprogram sortase activity yielded orthogo-
nal variants that were highly active on singly mutated LAXTG 
and LPXSG substrates21. The present results demonstrate that it 
is possible to evolve an epitope-specific enzyme capable of recog-
nizing an endogenous peptide tag in a disease-associated protein 
(LMVGG, residues 34–38 of Aβ), although the catalytic efficiency 
of the evolved enzyme (143 M−1s−1) on this new substrate is lower 
than evolved to recognize the singly mutated targets (approximately 
103–104 M−1s−1) (ref. 21). This difference in efficiency largely arises 
from a lower Kcat since the KM of SrtAβ for LMVGG (128 μM) is 
improved relative to the KM of 4S.6 for LPESG (610 μM) and falls 
within the range of KM values reported for other sortase variants 
evolved by yeast display20,21. In our current scheme, each copy of a 
given library member is only allowed a single turnover with which 
to generate signal. Development of a multiple turnover variant of 

80,000

60,000

40,000

20,000

0
0 10 20 30

Time (h)

40 50
R

F
U

AβM1–37

AβM1–42 20 µM

SrtAβ

AβM1–42 10 µM

AβM1–37GGGRR 20 µM

AβM1–37GGGRR 10 µM

AβM1–37GVVIA + GGGRR GGGRR + GVVIA

Fig. 4 | Aggregation inhibition of Aβ42 with SrtAβ. ThT binding was used 
to monitor the aggregation of AβM1–-42 and AβM1–37GGGRR. Data points 
from the time course are shown for each replicate (n = 3 for AβM1–42, n = 4 
for 10 μM of AβM1–37GGGRR and n = 6 for 20 μM of AβM1–37GGGRR) and 
curves fitted to each replicate by Boltzmann equation are indicated. The 
initiation of aggregation of the AβM1–37GGGRR monomer was greatly 
delayed compared to AβM1–42, with an average t1/2 = 14.6 h at 20 μM and 
28.3 h at 10 μM (compared to 0.6 and 0.7 h for AβM1–42 at 20 μM and 
10 μM, respectively).

NAtuRe CheMiCAL BioLogy | VOL 17 | MARCH 2021 | 317–325 | www.nature.com/naturechemicalbiology 323

http://www.nature.com/naturechemicalbiology


Articles NATUrE CHEMICAL BIoLoGy

this selection for bond-forming enzymes, perhaps by displaying two 
sets of Aga2p-fusions on the cell surface46, could facilitate further 
improvements in turnover number and catalytic efficiency. The 
identification of new peptide ligases as evolutionary starting points 
could also broaden access to targets that otherwise would be inac-
cessible to sortase A47–49.

We demonstrated the ability of our evolved enzyme, SrtAβ, to 
generate conjugates with Aβ monomers, validating the evolution of 
epitope-specific enzymes as a strategy for site-specific labeling of 
endogenous peptides. An enzyme capable of site-specific Aβ modi-
fication enables a variety of applications. We successfully gener-
ated conjugates of purified Aβ with GGGK(biotin) and GGGRR, 
among other peptides. The ability of sortase enzymes to use a wide 
array of glycine-based nucleophiles means that the applications of 
our evolved enzyme with purified Aβ monomers are not limited to 
those described herein. For example, SrtAβ could be used to gener-
ate new Aβ-adjuvant conjugates for vaccine development efforts50.

SrtAβ can also conjugate peptides to endogenous Aβ in human 
CSF, raising the possibility of biomedical applications on endoge-
nous Aβ. Attachment of fluorophores could enable imaging studies 
that further our understanding of AD etiology. Tagging monomers 
to inhibit their aggregation, as demonstrated above, or to mark them 
for degradation, could modify disease state. As such, SrtAβ or other 
variants could help illuminate the biological role of Aβ, increase our 
understanding of AD pathogenesis and potentially contribute to the 
development of new AD treatments.
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Methods
Library diversification by error-prone PCR. Genes were isolated from 
collected yeast libraries by PCR using the primers pCTCon2CTEV.HR2.
Fwd and pCTCon2CTEV.HR2.Rev, purified by gel electrophoresis and 
subsequently mutagenized by using the GeneMorph II Random Mutagenesis 
Kit (Agilent Technologies) for 25 cycles of PCR amplification using the 
primers pCTCon2CTEV.HR2.Fwd and pCTCon2CTEV.HR2.Rev. Reactions 
were purified by spin column and combined with NheI/BamHI-digested 
pCTCon2CTev vectors in a 5:1 insert:backbone mass ratio and electroporated 
into ICY200 as described below to yield yeast libraries: pCTCon2CTEV.
HR2.Fwd: 5′-CCCATACGACGTTCCAGACTATGCAGGATCTGAG 
AACTTGTACTTTCAAGGTGCT-3′; pCTCon2CTEV.HR2.
Rev: 5′-CTGTTGTTATCAGATCTCGAGCTATTACAAGTCCT 
CTTCAGAAATAAGCTTTTGTTCGGA-3′.

Library diversification by site saturation mutagenesis (rounds 8 and 
9). Genes were isolated from collected yeast libraries by PCR using 
the primers pCTCon2CTEV.HR2.Fwd and pCTCon2CTEV.HR2.Rev, 
purified by gel electrophoresis and subcloned into pET29 via restriction 
digest with NheI/BamHI. This plasmid was used as the template for 
site saturation mutagenesis with polynucleotide kinase-treated primers: 
182-NNK-Fwd: 5′-NNKACCTGCGATGATTATAACTTTGAAACCG
-3′, 182-NNK-Rev: 5′-CAGGGTCAGCTGTTTATCTTTGCC-3′, 
196-197-NNK-Fwd: 5′-NNKNNKAAAATTTTTGTGGCGACCGAAGTG
-3′ and 196-197-NNK-Rev: 5′-TTCCCACACGCCGGTTTC-3′ in round 
8 and 94-NNK-Fwd-1: 5′-NNKGAACAGCTGGATCGTGGCGTGAGC
-3′, 94-NNK-Fwd-2: 5′-NNKGAACAGCTTGATCGTGGCGTGAGC-3
′, 94-NNK-Rev: 5′-GGTCGCCGGGCCCGG-3′, 122-124-NNK-Fwd-1: 
5′-NNKNNKNNKCGTCCGAACTATCAGTTTACCAACCTG
-3′, 122-124-NNK-Fwd-2: 
5′-NNKNNKNNKCGTCCGTACTATCAGTTTACCAACCTG-3′ and 
122-124-NNK-Rev: 5′-GGTATGGCCGATAATGCTAATGTTCTGATC-
3′ in round 9. Site-saturated genes were then amplified out of the pET29c 
backbone using the primers pCTC-HR-pET29-Fwd and pCTC-HR-pET29-Rev 
and purified by gel electrophoresis: pCTC-HR-pET29-Fwd: 
5′-CCCATACGACGTTCCAGACTATGCAGGATCTGAGAA 
CTTGTACTTTCAAGGTGCTAGCCAGGCGAGACCGCAGATTCC-3′ a 
nd pCTC-HR-pET29-Rev: 5′-CTGTTGTTATCAGATCTCGAGCTATTACAAG 
TCCTCTTCAGAAATAAGCTTTTGTTCGGA TCCTTTCACTTCGGTCGC-3′.

Library diversification by DNA shuffling (round 15). The library collected 
from the end of round 14 and the evolved sortase A pentamutant (5 M) were 
each amplified with pCTCon2CTEV.HR2.Fwd and pCTCon2CTEV.HR2.
Rev and purified by gel electrophoresis51. Then, 1 μg of each PCR product was 
added to 5 μl of 500 mM Tris-HCl pH 7.4, 100 mM of MnCl2 and brought to 
50 μl total volume. This mixture was incubated at 15 °C for 5 min at which point 
0.5 U of DNase I was added. After 90 s, 1 μl of 500 mM of EDTA was added to 
the reaction and the enzyme was heat-killed at 90 °C for 10 min. The digest was 
run on a 3% agarose gel and 25–150-base pair fragments were isolated. Then, 
200 ng of DNA fragments were added to a 100-μl primerless reassembly reaction 
with 5 μl of 4 mM of deoxynucleoside triphosphate, 4 μl of 50 mM of MgSO4, 
10 μl of 600 mM of Tris-SO4 (pH 8.9)/180 mM ammonium sulfate, 1 U of Taq 
polymerase and 1 U of Phusion polymerase. This reaction was cycled at 94 °C 
for 2 min, then 35 cycles of 94 °C for 15 s, 65 °C for 45 s, 62 °C for 45 s, 59 °C for 
45 s, 56 °C for 45 s, 53 °C for 45 s, 50 °C for 45 s, 47 °C for 45 s, 44 °C for 45 s, 41 °C 
for 45 s, 68 °C for 45 s and then 68 °C 1 min. After PCR cleanup, a portion of 
the primerless reassembly product was amplified with the primers CJP66-Fwd 
and CJP66-Rev, digested with NheI/BamHI and ligated into pCTCon2CTev 
vector: CJP66-Fwd: 5′-GTACTTTCAAGGTGCTAGCC-3′; CJP66-Rev: 
5′-CAGAAATAAGCTTTTGTTATC-3′.

Yeast library construction. Fresh plates of ICY200 Saccharomyces cerevisiae cells 
were streaked from long-term glycerol stocks and grown for 72 h at 30 °C before 
use. A single colony was picked and grown in 10 ml of yeast extract peptone 
dextrose (YPD) + 100 U ml−1 of penicillin, 100 μg ml−1 of streptomycin and 
100 μg ml−1 of kanamycin overnight with shaking at 30 °C. This suspension culture 
was freshly diluted into 125 ml of YPD and electrocompetent cells were prepared 
as described by Chao et al.52. All library transformations were performed by gap 
repair homologous recombination into pCTCon2CTev vectors linearized by NheI 
and BamHI digestion. After transformation, 105 and 106 dilutions were plated and 
used to estimate library size.

Yeast library induction. Libraries were grown in synthetic complete dextrose 
(SCD)-tryptophan-uracil dropout medium + 100 U ml−1 of penicillin, 100 μg ml−1 of 
streptomycin and 100 μg ml−1 kanamycin at 30 °C. Library expression was induced 
by transfer to SGR-tryptophan-uracil medium at 20 °C overnight.

GGGK-coenzyme A synthesis. Fmoc-GGGK-CONH2 was dissolved in DMSO to 
a final concentration of 100 mM, then combined with 1.5 equivalents of LC-SMCC 

(Thermo Fisher Scientific) and 2 equivalents of DIPEA (Sigma-Aldrich) in DMSO. 
The reaction was incubated for 1 h at room temperature, then combined with 1.5 
equivalents of CoA trilithium salt hydrate (Sigma-Aldrich) in DMSO to a final 
peptide concentration of 25 mM and mixed at room temperature overnight. The 
Fmoc protecting group was removed with 20% vol/vol piperidine and incubation 
for 20 min. The reaction was quenched by adding 1 equivalent of trifluoroacetic 
acid (TFA); the product was purified on a preparative Kromasil 100-5-C18 
column (21.2 × 250 mm; Peeke Scientific) by reverse-phase HPLC (flow rate: 
9.5 ml min−1; gradient: 10–70% acetonitrile with 0.1% TFA in 0.1% aqueous TFA 
gradient over 30 min; retention time: 17.1 min). Electrospray ionization MS: 
[M-H]− m/z = 1,300.1 (observed); calculated for C45H72N14O23P3S− = 1,301.4. The 
concentration of GGGK-CoA peptide was determined from the measured A259 
using the known molar extinction coefficient of CoA53—15,000 M−1 cm−1.

Surfactin phosphopantetheinyl transferase expression and purification. 
Escherichia coli BL21(DE3) harboring the pET29 expression plasmid for surfactin 
phosphopantetheinyl transferase (Sfp) was cultured at 37 °C in lysogeny broth 
(LB) with 50 μg ml−1 of kanamycin until OD600 was approximately 0.6. Isopropyl 
β-d-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM 
and protein expression was induced at 37 °C for 3 h. Cells were collected by 
centrifugation and lysed by resuspension in B-PER (Thermo Fisher Scientific) 
containing 260 nM of aprotinin, 1.2 μM of leupeptin, 2 U ml−1 DNase I and 1 mM of 
phenylmethylsulfonyl fluoride. The clarified supernatant was purified on Ni-NTA 
agarose and fractions that were >95% pure were consolidated and dialyzed against 
10 mM of Tris pH 7.5 + 1 mM of EDTA + 5% glycerol. Enzyme concentration was 
calculated from the measured A280 using the published extinction coefficient of 
27,220 M−1cm−1(ref. 54).

TEV protease expression and purification. E. coli BL21(DE3) harboring the 
pRK793 plasmid for TEV S219V expression and the pRIL plasmid (Addgene) was 
cultured in LB with 50 μg ml−1 of carbenicillin and 30 μg ml−1 chloramphenicol 
until OD600 was approximately 0.7. IPTG was added to a final concentration of 
1 mM and cells were induced for 3 h at 30 °C. Cells were pelleted by centrifugation 
and lysed by sonication. The clarified lysate was purified on Ni-NTA agarose and 
fractions that were >95% TEV S219V were consolidated and dialyzed against 
TBS. Enzyme concentrations were calculated from A280 measurements using the 
reported extinction coefficient of 32,290 M−1 cm−1 (ref. 55).

Yeast library preparation and FACS. Induced cells were pelleted and resuspended 
in 10 ml of TBS-B (100 mM of Tris pH 7.5, 500 mM of NaCl, 1% BSA). Then, 
50 μl of 1 M of MgCl2, 10 μl of 200 mM of H2NGGGK(CoA) and 50 μl of 100 μM 
of Sfp (10 mM of Tris pH 7.5, 1 mM of EDTA, 10% glycerol) was added to this 
cell suspension. The Sfp ligation reaction was incubated for 45 min at room 
temperature. Cells were then pelleted at 2,400g for 10 min and the supernatant 
was removed. The desired sortase reaction buffer (TBS-BC; 100 mM of Tris pH 
7.5, 500 mM of NaCl, 1% BSA, 5 mM of CaCl2 or phosphatidylcholine; human 
plasma (catalog no.GTX73265; GeneTex) was centrifuged at 21000g for 10 min and 
passed through a 0.4-μm filter; 5 mM of CaCl2 was then added and the cell pellet 
resuspended.

Separately, 100× target substrate and negative selection substrates (custom 
syntheses from GenScript, with the exception of biotinylated LC-Aβ40 and 
biotinylated LC-Aβ42 obtained from Eri Amyloid Laboratory) were added to 
Eppendorf tubes. Typically, this involved 3–4 aliquots of varying substrate 
concentrations such that a range of selection stringencies is represented across 
the aliquots. Cell suspension was added to the substrates, inverted to mix and 
incubated for 15–60 min at room temperature. Cells were pelleted and treated 
with 1 ml of TEV solution (100 μg ml−1 in PBS, 0.5% BSA, 2 mM of EDTA) 
for 30 min on ice. Cells were pelleted and labeled with antibodies (1:200 
streptavidin-phycoerythrin (PE) and 1:250 anti-HA Alexa Fluor488, both from 
Invitrogen, in PBS, 0.5% BSA and 2 mM of EDTA) for at least 30 min on ice. Cells 
were pelleted and washed once with 1 ml of PBS, 0.5% BSA and 2 mM of EDTA, 
then suspended in the same buffer before analysis and sorting on a BD FACS Aria 
Cell Sorter.

A negative control lacking any biotinylated target substrate was used to draw 
gates for sortase activity:expression level (PE:fluorescein isothiocyanate (FITC)) 
(Supplementary Fig. 2). Aliquots that contained target substrate were then analyzed 
and the number of events in the PE:FITC gate was compared to the negative 
control. Aliquots that showed a greater than tenfold increase in gated events versus 
the negative control were considered suitable for sorting. The top 0.5–1.0% of 
cells were collected from a total number of events at least tenfold greater than the 
estimated library size.

Cells sorted in active gate were collected in 2 ml SCD-tryptophan-uracil 
dropout medium + 100 U ml−1 of penicillin, 100 μg ml−1 of streptomycin, 
100 μg ml−1 of kanamycin in a 15-ml conical. Collected cells were then divided 
into 2–4 10 ml SCD-tryptophan-uracil cultures and grown at 30 °C for 2 d before 
they were induced again for a subsequent sort under more stringent conditions. 
Increased stringency was most commonly achieved by decreasing target substrate 
concentration but occasionally by increasing off-target concentration or decreasing 
reaction times. Cycles of growth, induction and enrichment were iterated until 
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active variants could no longer be isolated using more stringent conditions than 
those used in the previous cycle, generally about 4–6 times. At this point, the 
surviving pool was extracted and rediversified to create a library for the next round.

Yeast library collection. After the final FACS screen of a round, yeast were 
grown to saturation (OD approximately 1.5) in SCD-tryptophan-uracil dropout 
medium + 100 U ml−1 of penicillin, 100 μg ml−1 of streptomycin and 100 μg ml−1 of 
kanamycin at 30 °C, then lysed using a Zymo Research Zymoprep II kit according 
to the manufacturer’s instructions

Isolation of single clones. A portion of the collected plasmid was transformed 
directly into One Shot Mach1 T1 Phage-Resistant Chemically Competent 
E. coli cells according to the manufacturer’s instructions (Thermo Fisher 
Scientific). Then, 36–48 colonies, each bearing a single library member, were 
picked for rolling circle amplification and subject to Sanger sequencing with the 
following primers: CA205: 5′-AGGCAATGCAAGGAGTTTTTG-3′; CA232: 
5′-CAGTGGGAACAAAGTCGATTTTGTTACATCTAC-3′. Clones of interest 
were then subcloned into pET29 expression vectors.

Alternatively, at the end of the last sort of a given round, the BD FACS Aria 
Cell Sorter was switched to plate mode, gates were adjusted to only collect the top 
0.1–0.3% of cells and single cells were collected in each well of a 96-well plate. After 
growing to saturation, these clones were subjected to flow cytometry assays. Top 
performers were sequenced and then subcloned into pET29 expression vectors.

Reversion mutants. SrtAβ was subcloned into pET29 and used as the PCR 
template for reactions with the primers in Supplementary Table 3. After USER 
assembly or KLD ligation, products were transformed into One Shot Mach1 T1 
Phage-Resistant Chemically Competent E. coli cells. After sequence verification, 
the reversion mutants were amplified out of the pET29 backbone with HR primers 
and transformed into ICY200 with NheI/BamHI-digested pCTCon2CTev vectors 
in a 5:1 insert:backbone mass ratio to yield yeast bearing single reversion mutants 
for flow cytometry analysis.

Minimal mutant. SrtA 4S.6 was subcloned into pET29 and used as the PCR 
template for two reactions, one with the primers 5′-ATCGTCCGAAC/ideoxyU/
ATCAGTTTACCAACCTGCGCGCGGCGAAA AAAGGCAGC-3′ and 
5′-AGGGTCAGC/ideoxyU/GTCTATCTTTGCCTTTCTGTTCATCCAGC 
ACTTCC-3′, the other with the primers 5′-AGCTGACCC/ideoxyU/
GGCGACCTGCGATGATTAT AACGTGGAAACCG-3′ and 
5′-AGTTCGGACGA/ideoxyU/CAATCGCGGTATGGCCGATAA 
TGCTAATGTTCTGATCATCCAGGC-3′. USER assembly of these two fragments 
yielded 4S.6 with S118I, G134R, K177R and V182A mutations. This mutant 
version of 4S.6 was used as template for two further PCRs, one with the primers 
5′-ACCAGCATTTGTAA CG/ideoxyU/GAAACCGACCGCGGTGG-3′ and 
5′-AAAAATTTTACTGGTT/ideoxyU/CCC ACACGCCGGTTTCCAC-3′, 
the other with the primers 5′-AAACCAGTAAAATTTT/ideoxyU/G 
TGGCGACCGAAGTGAAAGGATCC-3′ and 5′-ACGTTACAAATGCTGG/
ideoxyU/CATTTTA TATTTACGGGTTTCGTTGC-3′. USER assembly of these 
two fragments yielded the minimal mutant 4S.6 with S118I, G134R, R159C, 
K177R, V182A and R197S mutations. This mutant was then amplified out of the 
pET29 backbone with HR primers and transformed into ICY200 and ligated into 
NheI/BamHI-digested pCTCon2CTev by homologous recombination.

Yeast transformation with LiAc/ss carrier DNA/PEG. A 10-ml ICY200 starter 
culture in YPD (100 U ml−1 of penicillin, 100 μg ml−1 of streptomycin and 50 μg ml−1 
of kanamycin) was grown overnight at 30 °C. Cells were centrifuged at 2,500g for 
10 min before removal of the supernatant and two washes with 25 ml of water. 
Cells were resuspended in 1 ml of water and transferred to a 1.5-ml Eppendorf 
tube. Cells were pelleted and washed once more before being resuspended in 1 ml 
of water and split into 100-μl aliquots. Aliquots were pelleted and the supernatant 
was removed. Then, 240 μl of PEG 3550 (50% w/v), 36 μl of LiOAc (1.0 M), 50 μl 
of single-stranded carrier DNA (2.0 mg ml−1), 34 μl of plasmid DNA or fragments 
(500–1,000 ng) plus sterile water were added to each cell pellet. Cells were then 
heat-shocked at 42 °C for 40 min. After heat shock, cells were spun at 2,500g for 
10 min, supernatant was removed and the pellet was resuspended in 1 ml of water. 
Then, 10–100 μl of cell suspension was plated on SCD-tryptophan-uracil dropout 
plates and grown at 30 °C for 2–3 d (ref. 56).

Flow cytometry assays. Single clones were assayed by flow cytometry in a process 
similar to a library being prepared for sorting. Once a single clone was obtained 
via single-cell sorting or lithium acetate transformation, it was grown to saturation 
in SCD-tryptophan-uracil dropout medium and then induced overnight in SGR. 
Triglycine was conjugated to the cell surface by Sfp as with a library, with the 
volume scaled down depending on culture size. Reactions of surface-displayed 
sortases, TEV cleavage and labeling were carried out as with a library preparation 
before analysis on a Bio-Rad ZE5 Cell Analyzer57.

Sortase expression and purification. E. coli BL21(DE3) transformed with 
pET29 sortase expression plasmids was cultured at 37 °C in LB with 50 μg ml−1 

of kanamycin until OD600 = 0.5–0.8. IPTG was added to a final concentration 
of 1 mM and protein expression was induced overnight at 16 °C. Cells were 
collected by centrifugation and resuspended in lysis buffer (50 mM of Tris pH 
8.0, 300 mM of NaCl supplemented with 1 mM of MgCl2, 2 U ml−1 of DNase I 
(New England Biolabs), 260 nM of aprotinin, 1.2 μM of leupeptin and 1 mM of 
phenylmethylsulfonyl fluoride). Cells were lysed by sonication and the clarified 
supernatant was purified on Ni-NTA agarose according to the manufacturer’s 
instructions. Fractions with >95% purity, as judged by SDS–PAGE, were 
consolidated and buffer exchanged into 25 mM of Tris pH 7.5, 150 mM of NaCl, 
10% glycerol and 1 mM of tris(2-carboxyethyl)phosphine by size-exclusion 
chromatography in this buffer on a Superdex 200 Increase 10/300 GL column (GE 
Healthcare Life Sciences). Enzyme concentrations were calculated by reducing 
agent-compatible bicinchoninic acid protein assay kit (Pierce).

Aβ37-GGGRR cloning. The expression plasmid Aβ42/pET3 was amplified 
with the primers GGRR-Fwd and GGRR-Rev. The PCR product was ligated 
with the KLD enzyme mixture (New England Biolabs) and transformed 
into One Shot Mach1 T1 Phage-Resistant Chemically Competent E. coli 
cells, from which Aβ37-GGGRR/pET3 was sequence verified and isolated: 
GGRR-Fwd: 5′-CGCCGTTAATAGGAGCTCGATCCGG-3′; GGRR-Rev: 
5′-CCCACCGCCACCAACCATCA-3′.

Aβ expression and purification. E. coli BL21(DE3) transformed with pET3 
Aβ expression plasmids (AβM1–40, AβM1–42 or AβM1–37GGGRR) were cultured 
at 37 °C in LB-carbenicillin until OD600 = 0.5–0.6. IPTG was added to a final 
concentration of 1 mM (AβM1–40 and AβM1–42) or 0.1 mM (AβM1–37GGGRR) and 
protein expression was induced for 4 h at 37 °C. For AβM1–40 and AβM1–42, cells 
were pelleted and lysed by resuspension in 10 mM of Tris-HCl pH 8.0, 1 mM of 
EDTA and sonication. After lysis, the lysate was centrifuged for 10 min at 18,000g. 
The supernatant was discarded and pellet was resuspended in 10 mM of Tris-HCl 
pH 8.0 and 1 mM of EDTA. Sonication, centrifugation and removal of supernatant 
were repeated to yield an insoluble pellet. For AβM1–37GGGRR, cells were pelleted 
and lysed using B-PER bacterial protein extraction reagent supplemented with 
DNase I and lysozyme and then centrifuged for 10 min at 18,000g, with the 
insoluble pellet retained.

Insoluble pellets were resuspended in 8 M of urea, 10 mM of Tris/HCl pH 8.0 
and 1 mM of EDTA and then sonicated. Solubilized inclusion bodies were diluted 
with 10 mM of Tris-HCl pH 8.0, 1 mM of EDTA and added to pre-equilibrated 
diethylethanolamine-sepharose. After a 20–30-min incubation, resin was 
batch-filtered, washed for 5 min with 50 mM of Tris pH 8.5 and then washed 
again for 5 min with 50 mM of Tris pH 8.5 and 25 mM of NaCl. After washing, 
recombinant peptides were eluted from resin with 50 mM of Tris pH 8.5 and 
125 mM of NaCl and lyophilized44.

Chemically synthesized Aβ. Aβ1–40 and Aβ1–42 peptides (including biotinylated 
LC-Aβ40 and biotinylated LC-Aβ42) were synthesized and purified using 
reverse-phase HPLC by J. I. Elliott at the Eri Amyloid Laboratory. Peptide mass and 
purity (>99%) were confirmed by reverse-phase HPLC and electrospray ion trap MS.

Isolation of Aβ monomers. Lyophilized Aβ peptides, whether synthetic in 
origin (Eri Amyloid Laboratory) or produced by recombinant technology, were 
dissolved in 7 M of guanidium chloride, 50 mM of Tris pH 7.5, 2 mM of EDTA at 
a concentration of 1 mg ml−1 and incubated overnight. Denatured Aβ was then 
purified by size-exclusion chromatography using a Superdex 75 300/10 column 
(GE Healthcare) at a flow rate of 0.5 mL min−1 in alkaline buffer (50 mM of 
Tris-HCl pH 8.5) to minimize peptide aggregation. Peptide concentration was 
measured by A275 (ε = 1361 M−1cm−1). Peptide was either used immediately after 
purification or diluted to 20 μM, aliquoted and frozen at −80 °C for later use28.

Western blot analysis for fetuin-A. Samples of sortase reactions with fetuin-A were 
added to 4× NuPAGE lithium dodecyl sulfate (LDS) buffer (catalog no. NP0007; 
Invitrogen), heat-denatured and loaded onto a 4–12% Bis-Tris gel and ran at 160 V 
for 30 min in MES running buffer. Samples from reactions in plasma were diluted 
as follows: 20 μl of sample diluted + 30 μl of TBS + 20 μl of LDS buffer, for a total 
dilution of 3.5×. Gels were transferred to polyvinylidene fluoride membrane via 
iBlot and the membrane was blocked with SuperBlock Blocking Buffer (catalog no. 
37515; Thermo Fisher Scientific) for 1 h at room temperature. The membrane was 
then incubated with mouse anti-fetuin-A antibody (1:500 dilution in SuperBlock 
TBS + 0.1% Tween 20; catalog no. ab89227; Abcam) overnight at 4 °C followed by 
washing in PBS and Tween 20 (PBS + 0.1% Tween 20) 3 times for 5 min each. The 
secondary antibodies streptavidin-IRDye 800CW (catalog no. 926-32230; LI-COR) 
and goat anti-mouse-IRDye 680LT (catalog no. 926-68020; LI-COR) (both 1:10,000 
dilution in Odyssey Blocking Buffer in PBS (catalog no. 927-40000; LI-COR), 0.1% 
Tween 20, 0.01% SDS) were applied for 30 min at room temperature in the dark. 
The membrane was washed with PBS Tween 20 three times for 5 min each, followed 
by 1 wash with Milli-Q water and imaged on an Odyssey Imager.

Western blot analysis for Aβ. Samples of sortase reactions with Aβ were added 
to 4× LDS buffer and, without heat denaturation, loaded onto a 4–12% Bis-Tris 
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gel and ran at 160 V for 30 min in MES running buffer. Gels were transferred to 
a polyvinylidene fluoride membrane via iBlot and the membrane was blocked 
with SuperBlock Blocking Buffer for 1 h at room temperature. The membrane was 
then incubated with mouse anti-Aβ 4G8 antibody (1:1,000 dilution in SuperBlock 
TBS + 0.1% Tween 20; catalog no. 800702; BioLegend) overnight at 4 °C followed 
by washing in PBS and Tween 20 (PBS + 0.1% Tween 20) 3 times for 5 min each. 
The secondary antibodies streptavidin-IRDye 800CW and goat anti-mouse-IRDye 
680LT (both 1:10,000 dilution in Odyssey Blocking Buffer in PBS, 0.1% Tween 
20, 0.01% SDS) were applied for 30 min at room temperature in the dark. The 
membrane was washed with PBS and Tween 20 three times for 5 min each, 
followed by one wash with Milli-Q water and imaged on an Odyssey Imager.

Streptavidin pulldown of sortase-labeled plasma proteins. One milliliter of 
normal human plasma was combined with 10 μl of 1 M of CaCl2, 10 μl of 0.1 M 
of GGGK(biotin) and 10 μl of 100 μM of sortase 4S.6 or SrtAβ, then incubated at 
room temperature for 2 h. Then, 100 μl of pre-equilibrated Ni-NTA resin slurry was 
added to the mixture and incubated at room temperature with shaking for 15 min 
before being filtered through a 0.2-μm spin filter before dilution to a 10-ml final 
volume in PBS with EDTA (PBS + 1 mM of EDTA). The solution was concentrated 
using a 3-kDa molecular weight cutoff spin concentrator for 30 min at 3,500g 
and a final volume of <1 ml. This sample was diluted with PBS with EDTA to a 
10-ml final volume, reconcentrated and rediluted in a total of 6 wash cycles to 
give an expected small molecule biotin concentration of <1 nM. The concentrated 
mixture was then incubated with 200 μl of pre-equilibrated MyOne Streptavidin C1 
Dynabeads (Invitrogen) with shaking for 30 min before magnetic separation and 
washing 3 times with PBS + 0.1% Tween 20. Beads were then resuspended in 100 μl 
of SDS–PAGE loading buffer with 100 μM of free biotin and incubated at 95 °C for 
15 min. A 15-μl aliquot was then run on a 4–12% Bis-Tris PAGE gel and visualized 
by staining with Coomassie Brilliant Blue.

HPLC assay of sortases on LMVGG. Reactions were performed with the 
Abz-LMVGGK(dinitrophenyl)-CONH2 peptide (custom synthesis from GenScript) 
fixed at 10 μM. Reaction conditions were 300 mM of Tris pH 7.5, 150 mM of NaCl, 
100 mM of H2N-GGG-COOH, 5 mM of CaCl2 and 5% v/v DMSO. Then, 5 μl of 
10 μM sortase stock was added to the 45-μl reaction buffer, yielding a final enzyme 
concentration of 1 μM. Reactions were incubated for 120 min at 22.5 °C. Reactions 
were quenched with 10 μl of 1 N of HCl. The total volume of each reaction was 
transferred to HPLC sample vials and ran on analytical reverse-phase Zorax 
SB-C18 (Agilent Technologies) (2.1 × 150 mm, 5 μm) and chromatographed using 
a linear gradient 10–56.5% acetonitrile with 0.1% TFA in 0.1% aqueous TFA over 
13 min. To calculate the percentage conversion, the ratio of the integrated areas 
of the GK(Dnp)-CONH2 (room temperature for 6.7 min) and Abz-LMVGG(din
itrophenyl)-CONH2 (room temperature for 11.6 min) A355 peaks were compared 
directly.

HPLC assay of sortases on Aβ40. Reactions were performed with 20 µM of Aβ40 
and 1 mM of GGGK(dinitrophenyl) in 50 mM of Tris pH 8.5, 150 mM of NaCl 
and 5 mM of CaCl2. Then, 5 µM of SrtAβ was added to this mixture and incubated 
at room temperature overnight. Reactions were quenched with 10 μl of 1 N of 
HCl. The total volume of each reaction was transferred to HPLC sample vials 
and ran on analytical reverse-phase Zorax SB-C18 (2.1 × 150 mm, 5 μm) and 
chromatographed using a linear gradient 10–56.5% acetonitrile with 0.1% TFA in 
0.1% aqueous TFA over 13 min. To calculate the percentage conversion, the ratio of 
the integrated areas of the GGGK(dinitrophenyl) (room temperature for 8.2 min) 
and Aβ37-GGGK(dinitrophenyl) (room temperature for 12.6 min) A355 peaks were 
compared directly.

Kinetic assay of sortases on LPESG. Assays to determine Kcat and Km LPESG were 
performed in 300 mM of Tris pH 7.5, 150 mM of NaCl, 5 mM of CaCl2, 5% v/v 
DMSO and 10 mM of glycine-glycine-glycine-COOH (GGG). The concentration 
of the LPESG peptide substrate ranged from 62.5 μM to 4 mM and enzyme 
concentrations ranged from 100 nM to 1000 nM. Reactions were initiated by 
adding enzyme and incubated at 22.5 °C for 7 min (sortase 4S.6) or 2 h (SrtAβ) 
before quenching with 0.2 volumes of 5 M of HCl. Then, 5–10 nmol of peptide 
from the quenched reactions were injected onto an analytical reverse-phase 
Eclipse XDB-C18 HPLC column (4.6 × 150 mm, 5 μm; Agilent Technologies) 
and chromatographed using a linear gradient of 10–65% acetonitrile with 
0.1% TFA in 0.1% aqueous TFA over 13 min. Retention times under these 
conditions for the Abz-LPESGK(dinitrophenyl)-CONH2 substrate and the 
released GK(dinitrophenyl) peptide were 12.8 and 10.4 min, respectively. To 
calculate the percentage conversion, the ratio of the integrated areas of the 
GK(dinitrophenyl)-CONH2 and Abz-LPESGK(dinitrophenyl)-CONH2 peptide 
A355 peaks were compared directly. To determine Kcat and Km LPESG, reaction rates 
were fitted to the Michaelis–Menten equation in Prism v7 (GraphPad Software).

Kinetic assay of sortases on LMVGG. Assays to determine Kcat and Km LMVGG were 
performed in 300 mM of Tris pH 7.5, 150 mM of NaCl, 5 mM of CaCl2, 5% v/v 
DMSO and 10 mM glycine-glycine-glycine-COOH (GGG). The concentration 
of the Abz-LMVGG(dinitrophenyl)-CONH2 peptide substrate ranged from 10 

to 200 μM with an enzyme concentration of 1 μM. Reactions were conducted in 
96-well half area black/clear flat bottom plates (Corning) and initiated by adding the 
enzyme. Plates were incubated at 24 °C and monitored for increases in fluorescence 
(excitation wavelength = 317 nm, emission wavelength = 420 nm) in a Tecan plate 
reader for 2 h. Changes in fluorescence were converted to molar velocities using the 
calibration curves of Abz-LMVGG(dinitrophenyl)-CONH2 and a 1:1 mixture of free 
aminobenzoic acid and dinitrophenyl. Inner filter quenching effects were corrected 
using Fcorr = Fobs × antilog[(Aex + Aem)/2], where Fcorr is the corrected fluorescence 
value, Fobs is the observed fluorescence value, Aex is the absorbance at 317 nm and 
Aabs is the absorbance at 420 nm. To determine Kcat and Km LMVGG, initial velocities 
were fitted to the Michaelis–Menten equation in Prism v7.

Semisynthesis of AβM1–37-GGGK(biotin). Freshly purified AβM1–40 monomers 
(120 μM in 50 mM of Tris pH 8.5) were supplemented with 150 mM of NaCl, 
5 mM of CaCl2 and 1 mM of tris(2-carboxyethyl)phosphine and reacted overnight 
at room temperature with 50 μM of SrtAβ and 1 mM of GGGK(biotin). After 
desalting in a 3-kDa molecular weight cutoff spin filter, the reaction mixture 
was lyophilized and then dissolved in 7 M of guanidium chloride, 50 mM of Tris 
pH 7.5 and 2 mM of EDTA and ran on a Kinetex C18 100 Å (150 × 30 mm, 5 μm; 
Phenomenex) column. The acetonitrile concentration was increased from 10 to 
35% over the first 5 min, 35–38% over the next 6 min and then from 38 to 90% 
over the next 5 min. The major peak eluted at 12.8 min. This was confirmed to be 
AβM1–37-GGGK(biotin) by LC–MS (m/z = 4,731.98 observed, 4,730.27 expected) 
and the product was lyophilized and stored at −20 °C for later use.

Streptavidin capture ELISA for detection of biotinylated Aβ. AβM1–

37-GGGK(biotin) standards were prepared in diluent (TBS + 0.1% Tween 
20 + 1% BSA) in a range of concentrations from 20 nM to 312 pM. Samples were 
diluted as necessary in this same diluent. Preblocked Streptavidin Coated High 
Capacity plates (clear, 96-well; Pierce) were washed twice with TBS and Tween 
20 (TBS + 0.1% Tween 20) before the addition of standards and any samples. 
Biotinylated material was captured by streptavidin at room temperature for 2 h. 
Plates were washed three times with TBS and Tween 20. The, 100 μl of mouse 
anti-Aβ clone 4G8 (1:2,000 in diluent) was added to each well and incubated 
at room temperature for 1 h. After 3 TBS and Tween 20 washes, each well was 
treated with 100 μl of goat anti-mouse IgG HRP conjugate (1:4,000 in diluent; 
catalog no. A-10668; Thermo Fisher Scientific) for 30 min at room temperature. 
Plates were washed 4 times with TBS and Tween 20 before adding 50 μl of 
3,3′,5,5′-tetramethylbenzidine (TMB) (catalog no. 34028; Thermo Fisher 
Scientific). Wells were allowed to develop until saturation and then quenched with 
50 μl of 2 M of H2SO4. The absorbance of each well at 450 nm was then measured 
using a Tecan Plate Reader. The standard curve was fitted to a four-parameter 
logistics curve by Solver in Excel (Microsoft Office 365) and used to calculate the 
concentration of biotinylated Aβ in the present samples.

m266 antibody capture ELISA for detection of biotinylated Aβ. Nunc MaxiSorp 
plates (96-well, clear; Thermo Fisher Scientific) were incubated overnight with 
100 μl of 3 μg ml−1 of anti-Aβ antibody m266. The next day, plates were washed 
three times with TBS and Tween 20 and blocked for 2 h with 5% MSD Blocker A 
(Meso Scale Diagnostics) in TBS and Tween 20. AβM1–37-GGGK(biotin) standards 
were prepared in diluent (1% MSD Blocker A in TBS and Tween 20) in a range of 
concentrations from 2.5 ng ml−1 to 39 pg ml−1. Samples were diluted as necessary 
in this diluent. Plates were washed three times with TBS and Tween 20 before the 
addition of standards, samples and blanks in triplicate. After 2 h of capture, plates 
were washed three times with TBS and Tween 20. Then, 100 μl of HRP-conjugated 
streptavidin (1:100 in diluent; catalog no. 890803; R&D Systems) was added to each 
well for 30 min. After 4 TBS and Tween 20 washes, wells were developed with 50 μl 
of TMB substrate solution (N301; Thermo Fisher Scientific) and quenched with 
2 M of H2SO4. The absorbance at 450 nm of each well was then measured with a 
Molecular Devices plate reader. The standard curve was fitted to a four-parameter 
logistics curve by Solver in Excel (Microsoft Office 365) and used to calculate the 
concentration of biotinylated Aβ present in samples.

ELISA assays for Aβ40 and Aβ42. Nunc MaxiSorp plates (96-well, clear) were 
incubated overnight with 100 μl of 3 μg ml−1 of anti-Aβ antibody m266. The next 
day, plates were washed three times with TBS and Tween 20 and blocked for 2 h 
with 5% MSD Blocker A in TBS and Tween 20. Aβ40 and Aβ42 standards were 
prepared in diluent (1% MSD Blocker A in TBS and Tween 20) in a range of 
concentrations from 2.5 ng ml−1 to 39 pg ml−1. Samples were diluted as necessary 
in the same diluent. Plates were washed three times with TBS and Tween 20 
before adding standards, samples and blanks in triplicate. After a 2-h capture, 
plates were washed and secondary antibodies (1:2,500 biotinylated 21F12 for 
Aβ42, 1:4,000 biotinylated 2G3 for Aβ40) were added for 2 h. After another set of 
washes, HRP-conjugated streptavidin (1:100) was added for 30 min. Plates were 
then washed, developed with TMB and quenched with H2SO4. The absorbance 
at 450 nm of each well was measured with a Molecular Devices plate reader. The 
standard curves were fitted to four-parameter logistics curve by Solver in Excel 
(Microsoft Office 365) and used to calculate the concentrations of Aβ40 and Aβ42 
present in the samples40.
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CSF and plasma samples. Human CSF specimens were obtained in accordance 
with local clinical regulations approved by the Partners institutional review board 
(Walsh, no. BWH2017P0000259). All samples were from the Biobank at Partners 
HealthCare in Boston. Donors had no history of diseases of the central nervous 
system. Donor demographic information can be found in Supplementary Table 4. 
Pooled human plasma was purchased from GeneTex (catalog no. GTX73265).

CSF labeling with GGG using SrtAβ. Aliquots of CSF collected from 10 different 
patients were supplemented with 5 mM of CaCl2 and treated for 1 h with 5 μM of 
SrtAβ and 500 μM of GGG. Reactions were quenched by adding 5 mM of EDTA 
and diluted twofold with 1% MSD Blocker A in TBS and Tween 20. Part of the 
sample was set aside for Aβ42 measurement, while the rest was diluted fivefold 
(total dilution = tenfold) for Aβ40 measurement. Untreated aliquots from the 
same patients were diluted similarly. Aβ40 and Aβ42 were captured by the anti-Aβ 
antibody m266 and detected with C-terminal-specific antibodies as described 
above.

CSF labeling with GGGK(biotin) using SrtAβ. Aliquots of CSF collected from 10 
different patients were supplemented with 5 mM of CaCl2 and treated for 2 h with 
5 μM of SrtAβ and 500 μM of GGGK(biotin). Reactions were quenched by adding 
5 mM of EDTA and all samples (full reactions, no SrtAβ control, no GGGK(biotin) 
control and untreated) were diluted tenfold with 1% MSD Blocker A in TBS 
and Tween 20. Biotinylated Aβ was captured by the anti-Aβ antibody m266 and 
detected without secondary antibody using HRP-conjugated streptavidin as 
described above.

Semisynthesis of AβM1–37-GGGRR. Immediately after elution from 
diethylethanolamine resin in 50 mM of Tris pH 8.5 + 125 mM of NaCl, 
recombinant Aβ42 (20 ml of an estimated concentration of 40 μM = 3–4 mg) was 
supplemented with 5 mM of CaCl2 and 5 mM of DTT and treated overnight at 
room temperature with 20 μM of SrtAβ and 200 μM of GGGRR. The reaction 
mixture was concentrated to 1 ml in a 3-kDa molecular weight cutoff spin 
concentrator, diluted to 20 ml with Milli-Q water to reduce the salt concentration 
and then concentrated back to 1 ml and lyophilized. The lyophilized reaction 
mixture was then denatured overnight in 7 M of guanidium chloride, 50 mM of 
Tris pH 7.5 and 2 mM of EDTA and ran on a Zorbax 300SB-C18 (9.4 × 250 mm, 
5 μm; Agilent Technologies) column. After 5 min at 10% acetonitrile with 0.1% 
TFA in 0.1% aqueous TFA, the acetonitrile concentration was increased to 30% 
over 5 min and then to 50% over 20 min. AβM1–37-GGGRR was eluted at 17.5 min. 
AβM1–37-GGGRR identity was confirmed by LC–MS (m/z = 4,689.85 observed, 
4,688.30 expected) and the fraction containing it was lyophilized and stored at 
−20 °C for later use.

ThT assay. Aβ peptides were denatured and size-exclusion 
chromatography-isolated in 20 mM of sodium phosphate pH 8.0. Concentrations 
were determined by A275 and stock solutions of 20.2 μM of peptide in elution buffer 
were prepared. Then, 10 μl of ThT (2 mM in water) was added to 990 μl of each 
stock solution, yielding 1 ml of 20 μM of peptide and 20 μM of ThT. Then, 20 μM 
of ThT in elution buffer was used as diluent to make 10 μM of peptide samples. 
Samples were aliquoted 120 μl per well to a sterile Nunc F96 MicroWell Black 
and White Polystyrene Plate (catalog no. 237105; Thermo Fisher Scientific). A 
Molecular Devices plate reader was used to follow change in fluorescence (435 
excitation/480 emission) over 48–60 h45.

Negative contrast transmission electron microscopy of Aβ fibrils. Samples of 
AβM1–37-GGGRR (n = 6) and AβM1–42 (n = 2) lacking ThT were included alongside 
ThT-containing samples in the assay described above. Following aggregation, these 
samples were applied to carbon-coated Formvar grids, left for 1 min, fixed with 
glutaraldehyde, washed with Milli-Q water and wicked dry with filter paper. Then, 

2% uranyl acetate was added and incubated for 2 min. The grid was wicked dry and 
allowed to air-dry for 10 min. Grids were stored in a sealed container and viewed 
under a Tecnai G2 BIOTWIN electron transmission microscope operated at 80 kV. 
All reagents were supplied by Electron Microscopy Sciences47.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Source data have been provided for Figs. 2–4 and Extended Data Figs. 2, 3 and 5–9. 
Additional data (for example Sanger sequencing relevant to Table 1 or FCS files 
from the laboratory evolution) are available upon request.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | gating strategy for SrtAβ evolution. Following loading of cell surfaces with triglycine, the library is split into several aliquots that 
are treated with varying amounts of positive selection substrate. Surface-displayed sortase reactions, TEV removal of sortase, and staining are conducted 
in parallel on these aliquots. The aliquots are then analyzed before sorting. Populations are gated first on the basis of size (FSC vs. SSC), and then 
successful induction is confirmed on a FITC histogram. FITC vs PE dot plots are made for each aliquot, and a polygon gate is drawn that includes <0.1% of 
the negative control (no positive selection substrate) aliquot while roughly matching its slope. This gate is then applied to the other aliquots. The aliquot 
with the least amount of positive selection substrate that shows >10-fold increase in gated events over the negative control is used for sorting. In the case 
of this representative data from round 11, that would be the 200 nM Btn-LMVGG aliquot.
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Extended Data Fig. 2 | Flow cytometry analysis of library activity on LMVgg over the course of evolution. Stocks of yeast libraries remaining at the end 
of each round (R) were regrown, induced, and subjected to cell surface sortase reactions. Each library was incubated for 1 hour with 1 μM Btn-LMVGG. All 
libraries were assayed for LMVGG activity in TBS, while the libraries that survived negative selection against fetuin A and other plasma proteins (R9-16) 
were also assayed in human plasma. Data shown are the mean ± standard deviation of three replicates. Activity:expression is the transpeptidation activity 
(PE) to sortase expression (FITC) ratio. Overall, the trend towards improved LMVGG activity per unit expression is strong, indicative of a successful 
evolution campaign.
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Extended Data Fig. 3 | Flow cytometry analysis of round 8 single clones. At the end of round 8 sort 5 (8.5), single cells were sorted into a 96-well 
plate, grown to saturation, and induced. After attachment of GGGK-CoA via Sfp ligation, the clonal populations were given an hour to react with 500 nM 
Btn-LMVGG or 500 nM Btn-LPVGG. Flow cytometry analysis revealed that clone 8.5-H3 possessed the best combination of high activity on the LMVGG 
substrate with low activity on the LPVGG substrate. Activity is defined as fold-increase in PE signal over a negative control (0 nM Btn-LMVGG) aliquot of 
each variant.
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Extended Data Fig. 4 | hPLC assay of LMVgg activity. In this assay, sortase-mediated transpeptidation of a chromophore-linked substrate 
(Abz-LMVGGK-Dnp) liberates free GK-Dnp, the formation of which can be followed by HPLC1. The round 2 consensus sequence (R2, 4 S.6 + R94Y, S118I, 
A122W, D124G, G134R, and V189F mutations) did not show detectable activity in this assay. The first variants with detectable activity on LMVGG in this 
assay emerged from round 4; the most active of these variants (R4) displayed modest activity on Abz-LMVGGK-Dnp, with 1 μM of enzyme converting 
5.8% of 10 μM substrate to product in two hours. Notably, this variant contained the V182A, T196S, and R197S mutations. By round 8, activity in this assay 
roughly doubled, with 1 μM of clone 8.5-H3 converting 10.4% of 10 μM substrate to product in two hours.
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Extended Data Fig. 5 | evolved sortase labels Aβ alloforms with C-termini that extend to Val40 and beyond. SrtA 8.5-H3 (10 μM) was incubated with 
GGGK(Btn) (100 μM) and different alloforms of Aβ (Aβ38, Aβ40, Aβ42, or Aβ43, 10 μM each) for 2 hours in DPBS + 2 mM CaCl2. Labeling was observed 
for Aβ40, Aβ42, and Aβ43. Aβ38 is not labeled, which is expected given that the final glycine of the LMVGG recognition sequence is not amidated in this 
alloform. This experiment was repeated three times independently with similar results.
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Extended Data Fig. 6 | Kinetic analysis of sortase 4S.6 and SrtAβ. a, Sortase 4S.6 shows kcat = 0.36 s−1 (95% CI= 0.22 to 0.96 s-1) and KM = 610 μM (95% 
CI = 90 to 5550 μM) on its cognate substrate LPESG in an established HPLC assay for sortase transpeptidation activity. SrtAβ activity was detectable in 
this assay, but at levels too low to accurately determine its kinetic parameters on LPESG. Attempts to establish kinetic parameters for LMVGG in the HPLC 
assay were complicated by this substrate’s limited solubility in the reaction buffer. (b) A more sensitive fluorescence method was used to detect smaller 
amounts of turnover at lower substrate concentrations. Importantly, the solubility of the LMVGG substrate is within a range where inner filter quenching 
effects can be corrected. Using this method, SrtAβ shows kcat = 0.018 s−1 (95% CI = 0.015 to 0.023 s−1) and KM = 128 μM (95% CI = 87 to 198 μM) on 
LMVGG. Sortase 4S.6 activity on LMVGG was not detectable in this assay. Points and error bars represent the average of three replicates ± one standard 
deviation.
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Extended Data Fig. 7 | Aβ40 labeling in human plasma. a, Aβ40 (5 μM) added to TBS or plasma was labeled with GGGK(Btn) (50 μM) by SrtAβ (1.5 μM) 
for two hours. Product was captured on a streptavidin coated plate and detected using the anti-Aβ antibody 4G8. The reaction was 1.6-fold more efficient 
in TBS than in plasma. b, Aβ40 (5 μM) added to human plasma was labeled in the presence of various concentrations of GGGK(Btn) by an evolved sortase 
variant from round 14 (5 μM). After 2 hours, biotinylated product was undetectable in the reaction with a 10-fold excess of GGGK(Btn), whereas almost 
all of the Aβ40 was biotinylated when a 1000-fold excess of GGGK(Btn) was used. c, Aβ40 (5 μM or 5 nM) added to plasma was labeled with GGGK(Btn) 
(500 μM) by SrtAβ (1 μM) for two hours. No product was detected in the absence of enzyme or when using the starting enzyme 4S.6 in place of SrtAβ (* 
indicates below limit of detection). Each column represents the average of at least three replicates. Error bars represent one standard deviation.
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Extended Data Fig. 8 | Aggregation of AβM1-42 compared to AβM1- 37gggRR. The aggregation of recombinant Aβ42 and recombinant Aβ37GGGRR 
monomers was monitored by thioflavin T binding. Curves were fitted to each replicate (n = 3 for both peptides at both concentrations) by the Boltzmann 
equation. The aggregation of recombinant Aβ37GGGRR monomers is retarded relative to recombinant Aβ42, with an average t1/2 = 24.3 hours at 20 μM 
and 38.4 hours at 10 μM (compared to 1.25 hours and 1.46 hours for recombinant Aβ42 at 20 μM and 10 μM, respectively). These results are consistent with 
those observed for semi-synthetic Aβ37GGGRR created by using SrtAβ to label recombinant Aβ42 with GGGRR.
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Extended Data Fig. 9 | electron microscopy of amyloid fibrils. End-point samples from the ThT time-course study of AβM1-42 and AβM1-37GGGRR show 
marked differences in ultra-structure. Scale bars represent 800 nm. The most apparent difference between the two sets of fibrils is size. 61 of 76 AβM1-

37GGGRR structures measured were less than 600 nm long, with an average length of 380 nm. In contrast, the average length of AβM1-42 fibrils was ~7 
times larger at 2670 nm (n = 83). Aggregation and electron microscopy of amyloid fibrils was performed twice with similar results.
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