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Promiscuous enzymes that modify peptides and proteins are powerful tools
for labeling biomolecules; however, directing these modifications to desired
substrates can be challenging. Here, we use computational interface design
toinstall asubstrate recognition domain adjacent to the active site of a
promiscuous enzyme, catechol O-methyltransferase. This design approach
effectively decouples substrate recognition from the site of catalysis and
promotes modification of peptides recognized by the recruitment domain.
We determined the crystal structure of this novel multidomain enzyme,
SH3-588, which shows that it closely matches our design. SH3-588 methylates
directed peptides with catalytic efficiencies exceeding the wild-type enzyme
by over1,000-fold, whereas peptides lacking the directing recognition
sequence do not display enhanced efficiencies. In competition experiments,

W Check for updates

the designer enzyme preferentially modifies directed substrates over
undirected substrates, suggesting that we can use designed recruitment
domains to direct post-translational modifications to specific sequence
motifs on target proteins in complex multisubstrate environments.

Enzymes are incredibly proficient at modifying specific proteins and
peptides in complex biological environments' . Specificity is often
conferred by recognition surfaces or domains that are physically dis-
tinct from the active site. Src family kinases are an excellent example
of this theory. They contain three domains: the kinase domain, a Src
homology 2 (SH2) domain and aSrchomology 3 (SH3) domain.Insome
cases, the kinase domain alone is sequence promiscuous and phos-
phorylates diverse tyrosine-containing peptides, while the SH2 and
SH3 domains can enhance specificity by binding to unique sequence
motifs onsubstrates*” (Fig.1a). Separation of substrate recognition and
catalysis plays asimilarly important role in natural product biosynthe-
sis where ribosomally synthesized and post-translationally modified

peptides (RiPPs) undergo a series of directed enzymatic modifica-
tions to yield mature natural products®’. Recruitment occurs when a
separate domain of the enzyme binds a recognition sequence in the
peptide substrate and directs the core to the active site for modifica-
tion (Fig. 1b). An evolutionary advantage of separating binding and
catalysis is that enzymes with new specificity profiles can be readily
generated by combining pre-existing promiscuous catalytic domains
with pre-existing peptide-binding domains>™.

Protein engineers frequently take advantage of the modular nature
ofenzymes. Thisis exemplified by the many engineered proteins that
have been created for genome editing'>. Typically, a protein domain
with high binding specificity foraunique DNA sequenceis genetically
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Fig.1| General scaffolding diagrams and Rosetta design approach. a, The
flexible scaffolding approach used by our naive fusion enzyme and Src family
kinases. b, Directed scaffolding. The diagram shows a specific interaction
between a recruitment domain and promiscuous enzyme, similar to how many
RiPP enzymes are constructed. RS indicates the recognition sequence on the
peptide thatis bound by the peptide-binding domain. ¢, Overview of the Rosetta
design pipeline. Peptide-binding domains are shown in red while promiscuous
enzymes are shown in gray. d, Multistage Rosetta scripts protocol (design
protocol dock_design_sh3.xmlin Supplementary Information) and follow-up
design steps.

fused to a promiscuous DNA-modifying enzyme®. Similar strategies
have been employed to target protein substrates'®*, In these stud-
ies, fusion proteins have been created by connecting a substrate
recruitment domain to the catalytic domain with a simple, flexible
linker™¢, This is a straightforward approach employed by evolution,
as evidenced by the flexible linkers connecting the domains in Src
family kinases*. However, some natural enzymes, such as many RiPP
enzymes, use specifically positioned recognition domains to anchor
and direct the peptide substrate to the active site'”'®. The role of this
kind of recruitment domain placement in catalysis has not been stud-
ied extensively, in part because methods have not been available for
designing multidomain proteins that adopt a well-defined tertiary
structure. Strategic positioning of a recruitment domain relative to
an active site may influence catalysis in a few ways: (1) affinity for the

substrate (the Michaelis constant (K;,,)) may be enhanced by increasing
thelocal concentration near the active site**”; (2) the turnover number
(that is, the maximum number of chemical conversions of substrate
molecules per second that asingle active site will execute; k.,.) may be
perturbed if specific binding orientations are required for catalysis or
binding and unbinding rates are rate limiting"; and (3) modification site
selectivity could probably be controlled by which substrate residues
aredirected toward the active site.

Here, we test whether the catalytic efficiency and specificity of a
promiscuous enzyme can be enhanced by installing a substrate scaf-
folding domain in a specific position relative to its active site (Fig. 1c).
Our approach takes advantage of developmentsin the field of computa-
tional protein design, which now enable the engineering of predefined
interfaces between proteins 2, As a model system, we use catechol
O-methyltransferase (COMT) as the promiscuous enzyme and the SH3
domain of human Fyntyrosine kinase (Fyn-SH3) as the peptide-binding
domain®. In nature, COMT transfers a methyl group from S-adenosyl
methionine (SAM) to catechols such as L-dihydroxyphenylalanine
(L-DOPA) or dopamine®. However, COMT can be repurposed to install
a variety of chemical groups on DOPA-containing peptides®. SH3
domains bind to well-defined poly-proline motifs, and the Fyn-SH3
domain s robust to mutation, making itamenable to design®. We show
that we can create amultidomain protein with the SH3 domainplaced as
designed, and that the engineered protein enhances catalytic efficiency
for poly-proline-containing peptides by over 1,000-fold. Furthermore,
wetestand modelthe performance of our designed enzyme in multisub-
strate environments and find that it largely prefers directed substrates.

Results

Rosettainterface design of multidomain proteins

To create amultidomain protein from Fyn-SH3 and COMT, we employed
atwo-step computational protocol that first redesigned the surfaces of
thetwo proteinsto createafavorableinteractionand then connected
their termini to produce a single-chain construct (Fig. 1c). Interface
design was performed usingiterative rounds of protein-protein dock-
ing and sequence optimization using the molecular modeling program
Rosetta. We biased docking to favor inter-domain contacts between
well-ordered secondary structural elements on the two domains, in
particular along the solvent-exposed faces of helices 1and 2 of COMT
and B-strands 2-4 of Fyn-SH3. Placing these structural elements in
proximity brought the domain termini near each other and directed the
carboxy (C) terminus of peptides bound to the SH3 domain toward the
COMT activesite. Tostabilize the docked conformation, we employed
two-sided interface design, where contacting residues onboth protein
surfaces were allowed to mutate to form well-packed hydrophobic
interactions and hydrogenbonds. Because both the docking and design
protocols in Rosetta are stochastic, thousands of independent dock
and design trajectories with stages of filtering and focusing (Fig. 1d)
were used to identify low-energy models.

After sorting the models by calculated energies and removing
designs that did not satisfy a set of quality metrics (see Methods), we
evaluated the top ~50 designs by manual inspection and selected five
designs for experimental studies. The designs averaged 11 mutations
across the two domains (ranging from three to seven mutations on
each domain). In alast design step, a short glycine-serine linker was
addedto connect the C terminus of Fyn-SH3to COMT to create asingle
multidomain enzyme. All five of the selected designs favored similar
domain placement and peptide proximity to the active site, with the
C terminus of the poly-proline motif -30 A from the sulfur on SAM.
The designed interfaces were predominately hydrophobic, with small
hydrogen bond networks in three of the models.

Biophysical and structural characterization of the designs
All five designed enzymes expressed and were soluble. Of these, two
designs, SH3-588 and SH3-003, did not aggregate and were found to be
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Fig.2|Structural characterization and background activity of the designed
enzymes. a, Conversion of DOPA to methylated DOPA by COMT. b, Plot of

rate (normalized reaction rate given by the ratio of initial reaction rate (V,)

over enzyme concentration ([E],)) versus substrate concentration for WT
COMT, naive fusion, SH3-588 and SH3-003 for an undirected peptide substrate
(peptide1). All three enzymes have similar catalytic parameters with undirected
substrate, indicating that catalytic activity has not been compromised by the
design process. Rates are presented as points calculated from slopes of best fit
from three distinct reactions (n = 3). The error bars represent +s.e. of the best fit
centered on the calculated rate (an example is provided in Supplementary Fig.
3a-d). ¢, Crystal structure of SH3-588 (blue; PDB code: 7UD6) structurally aligned

toits design model (gray). SAH (green) was observed in the crystal structure.

The APP12 peptide is modeled bound to the SH3 domain (pink) to show relative
placement near the active site. d, Alignment of the interface residues between the
SH3 and COMT domains (boxed areain ¢), showing that packing at the interface
isvery similar in the crystal structure and design model. e, Substrate peptide
modeling on the crystal structure (a short peptide 7 (teal), medium peptide 2
(pink) and misdirected peptide 3 (orange)), indicating stretch of the residues
from the peptide-binding domain to the active site. A magnesiumion (lime
green) indicates the location of the active site but is not present in the SH3-588
crystal structure or during modeling.

monomeric by multi-angle light scattering coupled with size exclusion
chromatography (Supplementary Fig. 1), while the remainder were oli-
gomeric or precipitated during purification. For comparative studies,
we additionally expressed and purified a naive fusion of the two proteins
inwhich the C terminus of wild-type (WT) Fyn-SH3 was connected tothe
amino (N) terminus of WT COMT withaglycine-serine linker (Fig. 1a).

Binding studies with a tetramethylrhodamine (TAMRA)-labeled
poly-proline peptide, TAMRA-APP12 (peptide S1), confirmed that the
naive fusion, SH3-588 and SH3-003 all bind to the recognition sequence
with similar affinities. The measured dissociation constant (K;) values
were 330, 690 and 670 nM, respectively, withno bindingto WT COMT
(Supplementary Fig. 2). Similar affinities were also measured using a
competitive binding experiment that did not require direct labeling
of the peptide with TAMRA. To verify that the design process did not
disrupt catalytic activity, we measured methylation rates with a pep-
tide substrate, MKEARSAEAKEAGRGSGGSKNFLDY! (peptide 1), that
includes a C-terminal L-DOPA residue (Y°") but lacks a recognition
sequence. We used a luciferase-coupled assay that monitors the pro-
duction of S-adenosylhomocysteine (SAH), abyproduct of the reaction
(Fig.2a).Similar k., (between 0.27 and 0.37 s ™) and K, values (between
19 and 42 pM) were measured for SH3-588, SH3-003, the naive fusion
and WT COMT (Table 1 and Fig. 2b). This indicates that the active site
residues remain undisturbed after design and suggests that all of the
enzymes engage peptide 1directly through their active sites.

To determine whether SH3-588 adopts the designed conformation,
wesolved its crystal structure to aresolution of 2.6 A. The crystal struc-
ture closely matches our design model (backbone root-mean-square

deviation = 0.543 A), with identical orientation of the catalytic and
binding domains (Fig. 2c) and similar interface surface areas between
the design model and crystal structure (904 and 848 A2, respectively).
Many of the side chain conformations at the interface were accurately
predicted (Fig. 2d), including a designed hydrogen bond between resi-
dues GIn*® (from the SH3 domain) and GIn®* (from COMT). Meanwhile,
the glycine-serine linker connecting the two domains is not resolved
inthe structure. This, along with the well-ordered interface contacts,
indicates that the designed interface predominately stabilizes the
multidomain enzyme, not the linker. Critically, the peptide-binding
site in the SH3 domain is accessible and alignment of the substrate
peptide onto SH3-588 shows that the C terminus of the peptide is
pointed toward the active site. We were unable to crystallize our second
design, SH3-003.

K., enhancement by substrate scaffolding

Molecular modeling with SH3-588 and peptide substrates suggested
that at least nine residues are necessary to span between the SH3
domainandtheactivesite (Fig. 2e); therefore, we designed adirected
substrate EWAPPLPPRNRPRRSGGSKETY®"SK (peptide 2, where
the bold text represents the recognition sequence) with 12 residues
between the poly-proline motif and the DOPA residue to ensure suf-
ficient flexibility for DOPA to productively engage the active site. With
peptide 2, we found that SH3-588 dramatically enhanced methylation
activity compared with WT COMT (Table1and Fig. 3a). Specifically, we
measured a >1,000-fold increase in the catalytic efficiency (k,/K,)
from1,600t02.5x10° M s for WT COMT and SH3-588, respectively.
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Table 1| Fitted parameters for k.., K., and k_./K,,,

Peptide Peptide sequence® Kear (87) K., (uM) Koo/ Ko (M's7'%107)

number
WT Naive SH3- SH3- WT Naive SH3- SH3- WT Naive SH3- SH3-
COMT fusion 588 003 COMT fusion 588 003 COMT fusion 588 003

1 MKEARSAEAKEAGRGSGGSKNFLDY® 0.37 0.27 0.35 03 42 40 19 30 0.9 07 1.9 1.0
(+0.007) (+0.01) (+0.02) (x0.01) (£3) (+6) (+3) (x4) (x0.3) (x0.2) (+0.5) (x0.3)

2 EWAPPLPPRNRPRRSGGSKETY®HSK 0.213 0.073 0.37 0.212 132 0.4 0.15 0.8 0.16 17 250 27
(+£0.002) (#0.007) (x0.02) (#0.005) (x4) (£0.2) (x0.04) (x0J) (#0.05) (x4) (£ 40) (£5)

3 YO"DLFNKGSGGAPPLPPRNRPRRS 0.34 0.28 0.22 0.27 45 0.2 6 018 0.8 140 3.8 150
(£0.02) (£0.03) (x0.01) (£0.01) (x7) (*x0.1) (*2) (x0.04) (x0.3) (£30) (+x0.8) (£30)

4 APPLPPRNRPRRSGKNFLDY®* 0.371 0.103 0.31 018 24 018 0.03 0.07 16 60 1,200 270
(+0.005) (+0.007) (x0.02) (£0.01) 1) (x0.05) (x0.01) (x0.03) (x0.4) (£10) (£100) (£30)

5 APPAPPRNRPRRSGKNFLDY®" 0.22 0.198 0.28 0.238 15 6 1.5 1.0 1.5 35 19 23
(x0.01) (¥0.009) (x0.01) (£0.009) (x4) 1) (x0.4) (x0.2) (£0.3) (x07) (*3) (x4)

6 EWAPPLPPRNRPRRS(GGS),GKETY®HSK  0.246 0.166 0.45 0.319 220 17 018 0.75 on 10 250 43
(+0.004) (+0.008) (+0.03) (£ 0.005) (£10) (x0.4) (+0.08) (+0.05) (x0.03) (x2) (£40) (x8)

7 EWAPPLPPRNRPRRSY®HSK 0.3154 0.35 0.32 0.25 1831 400 130 0.9 017 0.09 0.25 29
(+0.0006) (+0.03) (£0.01) (£0.01) (£1.0) (£90) (£20) (£0.3) (+0.06) (x0.04) (+0.08) (¢5)

Recognition sequences and L-DOPA substrate residues (Y") are shown in bold. Error values indicate #s.e. of the best fit for the traditional Michaelis-Menten parameters.

This improvement was largely afforded by tighter substrate binding,
with K, decreasing from132 uMwith WT COMT to 150 nM with SH3-588.
Similarly, SH3-003 reacts with peptide 2withak_, /K., 0f 2.7 x 10° M s,
whichisal70-foldincrease relative to WT COMT, largely due toit hav-
ing a lower K., for the peptide. The k, values for WT COMT, SH3-588
and SH3-003 are similar (ranging from 0.212-0.370 s™), suggesting
that the DOPA side chain engages the active site in a similar manner
forall enzymes.

Interestingly, the naive fusion displays abiphasic response inrate
withincreasing substrate concentration. The first phase fits to a K, of
400 nM with a k_,. of 0.073 s%; however, at high substrate concentra-
tion, the rates match those of WT COMT (Fig. 3a, boxed rate points).
The intersection of these two phases occurs near the K, of WT COMT
(132 uM). This suggests the naive fusion recruits substrate to the active
site through SH3 domain binding at low substrate concentrations;
however, at higher peptide concentrations near the K, for undirected
substrates, substrates bind directly to the active site.

Sensitivity to substrate directionality, affinity and length
Next, we tested the sensitivity of the enzymes to three substrate fea-
tures: (1) directionality; (2) recognition sequence affinity; and (3) linker
length. In the directionality experiments, we placed the DOPA residue N
terminal to the poly-proline motif (as opposed to C terminal). Based on
our model of SH3-003 and the structure of SH3-588, this should direct
the substrate away from the active site, disfavoring catalysis. As antici-
pated, the catalytic efficiency of SH3-588 dropped considerably with
the misdirected peptide Y*"DLFNKGSGGAPPLPPRNRPRRS (peptide
3) (Fig. 3b), with a k., /K, of 3.8 x10* M s™.. For comparison, APPLP-
PRNRPRRSGKNFLDY®" (peptide 4), which directs the DOPA toward
theactive site, hasak_, /K, 0f 1.2 x 10’ M s (an increase of ~300-fold
over the misdirected substrate). The lower catalytic efficiency with the
misdirected peptideis primarily due to anincreasein K., (6 pM versus
30 nM for peptides 3 and 4, respectively), suggesting that the DOPA
residue interacts directly with the active site without simultaneous
engagement of the poly-proline motif with the SH3 domain. In con-
trast, both the naive fusion and SH3-003 displayed similar catalytic
efficiencies with peptides 3 and 4. For the naive fusion, this is consist-
ent with a flexible connection between the SH3 domain and COMT
and suggests that SH3-003 can adopt conformations different from
our structural model. In line with this, the designed interface of SH3-
003 contains a series of polar contacts that may not be forming as
designed, allowing it to behave like the naive fusion with flexibility
aboutits linker.

Next, we measured reaction rates between SH3-588 and three sub-
strates with varied affinity for the SH3 domain: APPLPPRNRPRRSGKN-
FLDY®" (peptide 4), APPAPPRNRPRRSGKNFLDY®" (peptide 5) and
MKEARSAEAKEAGRGSGGSKNFLDY®" (peptide). Binding and kinetic
studies showed a clear correlation between recognition sequence
affinity (K,) and K, (Fig. 3c and Supplementary Fig. 2). For peptide
4 the K;was 690 nM and the K, was 30 nM, while for peptide 5 the K
was 22 uM and the K, was 1.5 pM. Meanwhile, peptide 1, which lacked
the poly-proline motif, resulted in the weakest K, of 19 pM. Interest-
ingly, the K, values for peptides 2,4 and 5 are lower than the K values
measured between the recognition sequence and SH3-588. As the K,
isfrequently anupper limit on the K;between asubstrate and enzyme,
this result indicates that full-length peptide binds to SH3-588 more
tightly than the poly-proline sequence alone, suggesting coopera-
tive binding between the peptide and enzyme. Indeed, the difference
between K,,and recognition sequence K is greater for peptides4and 5
(-20-fold) thanitis for peptide 2 (-4-fold), reflecting the stronger bind-
ing of a C-terminal DOPA (peptides 4 and 5) to COMT compared with an
internal DOPA (peptide 2). Alternatively, the K, for substrate binding
canbelargerthantheK,in cases where product release is slower than
substrate release”, but this typically involves major conformational
changes associated with catalysis that slow product release. Confor-
mational changes of this type have not been reported for COMT.

Despite the widely varied K, values, k., remained largely similar
with all three substrates and, more broadly, was consistent across the
entire substrate scope tested in this study (Table 1). This highlights
two features of our system: (1) substrate recruitment predominately
improves substrate recognition (K,,,); and (2) catalysis, as opposed to
product release, is probably the rate-limiting step in the reaction. If
the release of the methylated peptide were rate limiting, we would
expect the observed k., to become dramatically slower as affinity for
the recognition sequenceisincreased.

Lastly, we investigated the consequence of variable-length link-
ers between the recognition sequence and substrate motif (Fig. 3d,
diagram). We designed three variable-length substrates: long peptide
6, medium peptide 2 and short peptide 7. Both the long and medium
peptides displayed comparable, tight K, values of 180 and 150 nM,
respectively, for SH3-588 (Fig. 3d). Meanwhile, the short peptide had
aK,, of 130 uM, whichiis close to that of WT COMT, indicating that the
substrate interacts directly with the enzyme active site, not through
the peptide-binding domain. These results suggest that longer link-
ers, including ones with unique functional sites, may beincorporated
without sacrifice to activity. Meanwhile, peptides with short linkers
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Fig.3|Steady-state kinetics analysis of the designed enzymes. a,b, Plot of
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SH3-003 for a directed substrate (peptide 2; a) and an N-terminal misdirected
substrate (peptide 3; b). The boxed areain aindicates points that were not fit
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7.Rates are presented as points calculated from slopes of best fit from three
distinct reactions (n = 3). The error bars represent +s.e. of the best fit centered on
the calculated rate (an example is provided in Supplementary Fig. 3a-d).

disallow simultaneous binding of the recognition sequence and the
DOPA residue.

We also measured the reactivity of the variable-length peptides
with the naive fusion. Due to the enzyme’s flexibility, we anticipated
that the short peptide might be an effective substrate; however, as with
SH3-588, the K, was large (>100 uM), indicating that the peptide could
not simultaneously engage the SH3 domain and the active site. As an
additional control, we designed a second naive fusion (naive fusion 2)
that has alonger linker (eight residues) between the SH3 domain and
COMT. Naive fusion 2 has similar kinetic parameters to the first naive
fusion with peptides1-6, but with the short peptide substrate (7) naive
fusion 2 has a lower K., (600 nM; Supplementary Table 1). This result
indicates that the longer linker between the SH3 domainand COMT in
naive fusion 2 allows simultaneous engagement of peptide 7 with the
active site and the SH3 domain. Notably, naive fusion 2 and SH3-003
have similar catalytic parameters for peptides 1-7 (Supplementary
Table 1), providing further evidence that SH3-003 does not form the
designedinteractionandinstead samples a variety of conformations.

SH3-588 preference in substrate competition experiments
Many bioconjugation enzymes are selective, discriminating between
multiple potential reactive substrates and modifying a desired tar-
get. To probe the substrate selectivity of SH3-588, the naive fusion
and WT COMT, we performed competition assays with two peptide
substrates at equimolar concentrations: a directed peptide EWAP-
PLPPRNRPRRSGGSKETY®"SK (peptide 2); and an undirected peptide
containing the same substrate motif but missing the poly-proline motif,
MKEWRSPELKEFGRGSGGSGGKETY®!SK (peptide S2; Fig. 4a). Prod-
uct formation was monitored using liquid chromatography-mass
spectrometry.

For all three substrate concentrations that were tested, WT COMT
modified the directed and undirected peptides equally (Fig. 4b and
Extended Data Fig. 1). As expected, given the lower K, values for
the directed substrate, the naive fusion and SH3-588 preferentially
modified the directed peptide at substrate concentrations <10 uM. At
100 uMsubstrate, near the K, for undirected peptide, the naive fusion
lost selectivity and modified both peptides comparably, displaying
similar yields to those of WT COMT. In contrast, SH3-588 retained
preference for the target peptide by afactor of >6-fold at high substrate
concentration. For all conditions that were studied, SH3-588 modified
>90% of the directed peptide, while WT COMT and the naive fusion
modified at most 50% of the substrate.

Substrate occlusion explains enzyme specificity
Peptides can interact with the SH3/COMT fusions by two mecha-
nisms: directly through the active site or through recruitment by the
peptide-binding domain. The competition experiment demonstrated
that at high substrate concentrations the naive fusion shows nonspe-
cificmodification, while SH3-588 maintains preference for the directed
substrate. A possible explanation for the SH3-588 result is that the
directed peptideis simultaneously binding to the SH3 domainand the
activesite, thus occluding undirected peptides fromreacting with the
enzyme.Indeed, the K, for many of the poly-proline directed peptides
is tighter than the K, of the recognition sequence for the SH3 domain.
To further explore this concept, we constructed amathematical model
that uses differential equations and our experimental catalytic param-
eters to simulate competition for directed and undirected substrate
atthe activesite.

The model uses three primary routes to simulate substrate
processivity (Extended Data Fig. 2). The directed route models a
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Fig.4 | Substrate competition experiment. a, Diagram showing competing
substrates (peptides 2 and S2) in a peptide reaction mixture. b, Percentage
conversion of directed and undirected peptides in competition reactionsat1,10
and100 pM (2,20 and 200 uM total peptide) by the indicated enzymes. Raw data
points are represented by black dots superimposed on plots. The bars represent
mean values + s.e.m. across three distinct reactions (n = 3). The error bars are
centered on the mean. ¢, Model of alternative modes of interaction between the
enzymes and substrate at varying concentrations of substrate. K> is the
affinity (K,,,) of substrate binding directly to the active site.

tethered substrate bound to the SH3 domain. The undirected route
models the substrate motif interacting exclusively through the active
site. Athird pathway involves two peptidesinteracting with the enzyme:
one peptide boundto the SH3 domain and asecond, undirected peptide
engaged at the activessite (Fig. 5a). The relevance of this third pathway
depends on how efficiently SH3-bound peptides occlude the active
site. In our model, the equilibrium constant K., is derived from the
parameter fraction_open, which specifies the fraction of SH3-bound
peptides that are in an open conformation with the active site acces-
sible to undirected peptides.

We performed simulations with equimolar concentrations of
directed peptide (2) and undirected peptide (S2) and predicted con-
versions while varying the fraction_open parameter. Because of the
identical substrate sequence motifs (KETY"SK), we used the catalytic
parameters of WT COMT as a surrogate for undirected peptide at
the SH3-588 active site. With perfect substrate occlusion (fraction_
open =0), we predict very high specificity (-1,000-fold) for the directed
peptide over the undirected peptide (Fig. 5b). This high specificity

reflects the ratio of the specificity constants used in modeling SH3-
588 with directed peptide 2 (k.,/K,, = 2.5 x10° M s™") and undirected
peptideS2 (k.,./K,, =1.6 x 10> M's™). With no substrate occlusion (frac-
tion_open =1), we predict specificity for the directed peptide at low
substrate concentrations, but this specificity is lost at high substrate
concentrations (Extended Data Fig.1). The model most closely matches
the experimental results when fraction_open is set to 0.1 and 0.3 for
SH3-588 and the naive fusion, respectively, suggesting that when rec-
ognitionsequenceisbound the DOPAresidueis engaged at the active
site-90 and ~70% of the time, respectively. These fraction_openvalues
indicate that less substrate occlusion occurs with the naive fusion
compared with SH3-588, probably due to the added flexibility between
the SH3 domainand COMT.

Itisalso conceivable that binding of the directed peptideis altering
binding preferences for SAM versus SAH, which could perturb selectiv-
ity for the directed peptide; however, this is unlikely considering the
ordered binding mechanism used by COMT: SAM binds first, then Mg?*,
followed by the L-DOPA substrate®. This ordered binding mechanism
isinconsistent with preferential SAM binding as SAH-SAM exchange
occursinthe absence of DOPA peptide binding to the active site.

Given the value for fraction_open and the affinity of DOPA for
theactivesite, it is possible to estimate the effective concentration of
DOPAwhen peptideisanchoredto the SH3 domain (see Methods). With
a binding affinity of 130 puM for DOPA (the K, of peptide 2 for the WT
COMT), an effective concentration of 1.1 mM results in 90% occupancy
attheactivesite. The effective concentration can also be estimated by
calculating the volume accessible to a tethered linker (see Methods).
With 12 residues between the recognition sequence and DOPA, and
assuming half of the space is occupied by enzyme, the volumetric
approach predicts an effective concentration of -2 mM, similar to the
value derived from fraction_open.

SH3-588is highly active with diverse types of substrates

As evidenced by naturally occurring kinases, physical separation of
substrate recognition and catalysis provides a powerful strategy for
creating systems that can modify a diverse set of substrates. Kinases
can often phosphorylate peptides and proteins with varied amino
acids located adjacent to the site of modification. To allow for rapid
testing of alarge set of sequences with SH3-588, we coupled in vitro
transcription/translation (IVT) of peptide substrates with anenzymatic
activity assay that used mass spectrometry to probe product forma-
tion (Extended Data Fig. 3a; see Methods). For almost all substrates
tested with SH3-588, the reaction reached completion within 15 min.
WT COMT, however, was less active against all substrates and showed
apreference for peptides with hydrophobicresidues adjacentto DOPA
(Extended Data Fig. 3b; IVT peptides 1-5). Similarly, we tested varia-
tionsintherecognition sequence and found that aminimal sequence,
PALPAR, still results in completion by SH3-588 (IVT peptides 7-10),
demonstrating plasticity and tunability in the recognition sequence.

Discussion
Our results demonstrate the feasibility and utility of designing sub-
strate scaffolding enzymes from existing protein domains. Our use of
computational protein design combines the functions of two domains
to generate enhanced enzymatic activity for specially tailored sub-
strates. Studies with our design, SH3-588, show kinetic and selectivity
advantage over both WT and naive fusion enzymes. The naive fusion
aloneimproved the efficiency (k.,/K;,), but greater boosts of more than
1,000-fold were seen with our design, SH3-588, which also enhanced
selectivity for poly-proline directed peptides. Notably, this selectiv-
ity was maintained at high substrate concentrations, where the naive
fusion lost selectivity. Our design compares well with the most suc-
cessful examples of exclusively computationally improved enzymes®.
The crystal structure of SH3-588 suggests a few general principles
for future substrate scaffolding design. First, we chose protein domains
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Fig. 5| Numerical modeling of competing substrates reacting with the
engineered enzymes. a, In the numerical model, directed substrates (that is,
those containing the poly-proline recognition sequence) engage the SH3 domain
and then exist in an equilibrium between an open and closed conformation
(equilibrium constant = K,,,,.,). In the closed form, the DOPA residue isbound to the
active site and is available for catalysis. The fraction of bound peptide in the open
conformation s referred to as fraction_open, whichis directly related to K pen.
Undirected peptide can only engage the active site when the directed peptide is
inthe open state or when the enzyme is not bound to directed peptide. Varying
fraction_open in the numerical model changes the accessibility of the active site
to undirected peptides and changes the predicted specificity during asimulated
reaction with directed and undirected peptide (the full mathematical modelis
presented in Extended Data Fig. 2). b, Acomparison of simulated results (hashed
bars) and experimental results (solid bars) for acompetitive reaction in which
directed and undirected peptide are both at a concentration of 100 uM. Numerical
simulations performed with different values assigned to fraction_open indicate
that directed peptideis in the open conformation ~10% of the time when bound
to SH3-588 and -30% of the time when bound to the naive fusion. Raw data points
arerepresented by black dots superimposed on plots. The bars represent mean
values + s.e.m. across three distinct reactions (n =3). The error bars are centered
onthe mean. The hashed bars represent a single computational result.

that are structurally well characterized and lend themselves well to
interface design. These domains have exposed, well-ordered secondary
structural elements that readily tolerate mutation and design, empha-
sizing the need to select stable domains. Second, correct orientation
of these designable surfaces immediately puts the N and C termini
in proximity for short linker design. Last, this orientation also allows
unobstructed access to the active site from the poly-proline binding
site. The success of the SH3-588 design is underscored, though, by some
of the challenges that we faced in protein engineering. Several of the
designs purified as dimers or oligomers, perhaps because of nonspe-
cificinteractions between hydrophobicresidues thatwereadded tothe
domain surfaces. Additionally, the SH3-003 design behaves more like
anaive fusion, suggesting that the interface did not form as strongly
as expected. These results indicate that some challenges remain in
couplinginterface designand viable folding and expressionbehavior.
Nevertheless, we anticipate that the principles described above canbe
applied to other enzymes and peptide-binding domains to create new
scaffolding enzymes when the domains are well chosen.

Specific placement of the substrate recruitment domain next
to the active site resulted in a significant kinetic payoff over both WT
and naive fusion enzymes. For example, due to improvements in K,
both naive fusion and SH3-588 see significant improvements in effi-
ciency, with the interface design having more than tenfold greater
efficiency than the naive fusion. These improvements track with what
has previously been seen in RiPP systems, which seem to be well suited
for overcoming the detriments of low substrate concentrations in
a complex cellular environment®*°. SH3-588 had additional advan-
tages over the naive fusion in directionality and specificity. While the
naive fusion modified substrate residues placed both before and after
the recognition sequence, the design was less competent with DOPA
residues placed N terminal to the poly-proline motif (Fig. 3b), provid-
ing an additional level of control over modification. Also, whereas
specificity eroded at higher concentrations with the naive fusion, it
was largely sustained with SH3-588. Substrate occlusion appears to
play a strong role in this sustained specificity, as our model suggests
that a change from ~30% residual accessibility for the naive fusion
to only 10% for the SH3-588 design (fraction_open values of 0.3 and
0.1, respectively) can account for the observed differences. These
values correlate with effective concentrations of 300 pM and 1.1 mM
for the naive fusion and SH3-588, respectively, in agreement with
geometric estimates'®™,

Initially, we hypothesized that scaffolding may perturb turnover
rates as k_, can be sensitive to both binding kinetics® and orienta-
tion of substrate in the active site. Interestingly, we observed similar
k., values (<5-fold differences) across all substrates and enzymes
tested in the study, suggesting that the rate of the chemical reaction
is an upper bound on the observed rates. Indeed, our mathematical
modelrequires faston (k,, >1x10°M™s™) and off (k> 0.4 s™*) peptide
binding rates to recapitulate our kinetic results. The SH3 domain is
well suited for this application because it binds and releases peptides
quickly. The Fyn-SH3 domain binds to poly-proline peptides with off
rates faster than 200 s and association rate constants > 5 x 10’ M's™
(ref. *). Additional lowering of K., by tightening the affinity of either
the poly-proline leader sequence or the core may furtherimprove the
efficiency and selectivity by minimizing fraction_open; however, main-
taining fast k¢ (Where k¢ > k.,.) will be a critical restraint on achieving
high catalytic efficiencies.

In conclusion, we have demonstrated that we can design
a specific, designed inter-domain interaction that enhances enzyme
affinity and specificity. We anticipate that this design approach
will be generalizable and provide a structural and kinetic framework
allowing the redesign of other existing, promiscuous enzymes for
applications inbioconjugation or biosynthesis. The affinity enhance-
ment we see with relatively small peptide substrates should trans-
late advantageously to more complex protein substrates, such as
antibodies or enzymes. COMT itself could be useful in labeling appli-
cationsbecause it caninstall SAM analogs with orthogonal functional
groups, such as alkynes®. Similarly, the expansion of this approach
to new catalytic domains effecting different chemistries could allow
new labeling strategies or even more extensive modifications, lead-
ing to new therapeutic peptide derivatives or natural product ana-
logs (O-methyl DOPA itself occurs in pepticinnamin E and related
antibiotics). Lastly, the improved affinity and specificity afforded
by the designed interaction, especially at low substrate concentra-
tions, should lend itself toward the targeted modification of peptide
substrates in much more complex environments. For example, the
chemical diversification of combinatorial libraries in peptide and
protein display technologies, such as messenger RNA display, or else
for synthetic and chemical biology applications in a cellular context.
Indeed, naive fusion and recruitment strategies have already been
used to probe subcellular interactions® and signaling cascades'*"****,
Clearly, there is much more to be done with these designed substrate
scaffolding enzymes.
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Methods

Computational methods

Selection of the enzyme, peptide-binding domain and design-
able interfaces. COMT was chosen as a catalytic domain because
of its well-understood chemical mechanism*?, high-resolution
structural characterization (Protein Data Bank (PDB) ID: 5P9V) and
surface-exposed active site*. Furthermore, peptide substrates can
readily be synthesized that incorporate the unnatural amino acid
substrate residue L-DOPA”. The Fyn-SH3 domain (PDB ID: 4ZNX) has
relatively high thermostability and has been used in the past for pro-
tein folding studies”. Binding studies indicate that Fyn-SH3 binds
its cognate APP12 peptide with a K of 260 nM**. Designable interface
residues were chosen from large patches of residues on well-defined
secondary structural elements (thatis, a-helices on COMT and 3-sheet
residues on the SH3 domain). Input PDBs were pre-relaxed with energy
minimizationin Rosettaand oriented inasingle PDB file such that the
designable interface of COMT and the SH3 domain faced each other
but were separated by nearly 70 A.

Multistage interface design. The multistage Rosetta script design
protocol is summarized in Fig. 1d. Briefly, four separate stages were
used to dock (stages 1 and 2) and subsequently design (stages 3 and
4) two domains into a single multidomain enzyme (example script
dock_design_sh3.xmlin Supplementary Information). Inthe first stage,
rigid body global docking brought the two designable interfacesinto
proximity. Small rotational and translational perturbations were used
tosample the dockinglandscape. To enrich for a designable population
ofmodels, the100,000 generated models were sorted by the number of
designableinterface contactsand the top 10,000 were kept. The second
step, local docking, perturbed the conformation further by allowing
small rotational and translational movements about the initial docked
confirmation. Inputs to this step were used for ten independent local
docking simulations and the total stage 2 model set was again filtered by
number of interface contacts. Docking constraints were used through
both the firstand second stages to minimize the distances between the
termini of the two domains (necessary for short linker design) and to
minimize the gap between the active site and peptide-binding site.

Two-sided interface design was then used to stabilize the resulting
docked conformations. The third stage consisted of a short round of
FastDesign (repeats =1), which iterates between fast rotamer pack-
ing across the interface and energetic minimization of side chain and
backbone atoms®. This stage largely removed clashing side chains
between the two domains to assess models for further design. Out
of the 10,000 input models, 2,500 were kept for further design after
sorting according to acombined energy calculation thatincluded the
total energy of the complex and anormalized interface energy. Stage 4
involved more extensive interface design (FastDesign repeats =3) and
sortingaccording to the previously mentioned metric, saving the top
200 designs for further analysis. A final sorting step was applied to save
the top10% of output models by interface energy. The entire multistage
script was repeated until >1,000 design models were generated. Several
different design scripts were run with custom distance constraints to
generate multiple populations of docked models.

Forward docking and final model selection. Selected design
sequences were further evaluated with protein docking (forward dock-
ing) to determine whether the designed pose was strongly preferred
over alternative conformations. Designed models underwent random
perturbation and docking to attempt toreclose the interface. Anexam-
pleforward docking scriptis provided in forward_dock.xmlinthe Sup-
plementary Information. Forward docking produced approximately
20-50 designs from which manual selection was used to pick unique
interfaces that varied in interface composition (that is, bulky versus
smallresidues and polar versus hydrophobicresidues at theinterface
periphery) and peptide directionality toward the active site. Ultimately,

five unique design models were selected for further linker designand
experimental characterization.

Glycine-serine linker design. We fused the newly installed
peptide-binding domain to the COMT catalytic domain by linking
the C terminus of the SH3 domain to the N terminus of COMT. Linker
design was performed using FloppyTail—a Rosetta application that
modelsalinear stretch of amino acids—to extend the C terminus of the
SH3-binding domain toward the N terminus of COMT. The minimum
number of glycine-serine residues was estimated from this approach
and anextratworesidues were added to thelinker before ordering the
genes as described below.

Experimental methods

Cloning and expression of enzymes. Enzyme (COMT native, naive
fusion, SH3-588 and SH3-003) expression constructs were either
ordered and synthesized from Twist Bioscience (Supplementary Table4)
or manually cloned using forward primer (CTCTAGAAATAATTTTGTTT
AACTTTAAGAAGGAGTCTCTCCC)andreverse primer (GGATTGGAAGTA
CAGGTTCTCCCC). These constructs were transformed into chemically
competent Escherichia coli and grown on LB agar plates (100 mg ™
ampicillin). Colonies were selected and inoculated into 50 ml LB
cultures for growth overnight (37 °Cwith 250 r.p.m. agitation). Approxi-
mately 8 mlovergrown culture wasintroduced into fresh Terrific Broth
mediawithanadditional 8 ml 50% glycerol solution. Cells were grown
at 37 °C until an optical density measured at a wavelength of 600 nm
(ODg) 0f 1.0-1.2, upon which the culture temperature was dropped
to 16 °C and protein production was induced via the introduction of
isopropyl B-D-1-thiogalactopyranoside to 600 puM. Cells were grown
overnight at 16 °C with 200 r.p.m. agitation for typically 18 to 20 h,
after which they were pelleted by centrifugation (3,148g for 20 min)
and frozen and stored at -80 or -20 °C.

Cell pellets were solubilized in lysis buffer (50 mM
phosphate-buffered saline (PBS; pH 7.4), 300 mM NaCl and 10 mM
imidazole) and sonicated for 5 min (5 sonand 5 s offat 70% amplitude)
before homogenization viafour passes onan EmulsiFlex homogenizer.
Celllysates were clarified by centrifugation (24,500g for 30 min) and
filtered (5.0 pM nylon membrane) before loading onto an Ni-NTA grav-
ity flow column for affinity chromatography. The column was washed
first with 20 column volumes of high salt buffer (same as lysis with1M
NaCl) and second with 20 column volumes of low salt buffer (same as
lysis buffer) before elution (same as lysis with 400 mM imidazole).
Affinity-purified enzymes were further purified by size exclusion chro-
matography and simultaneously buffer exchanged into storage buffer
(50 mMPBS (pH 7.4) and 300 mM NacCl). Enzymes were concentrated to
approximately100 pM and flash frozen with 10% glycerol for long-term
storage at-80 °C.

Protein crystallization and data acquisition
For protein crystallization, pMCSG28-COMT-SH3-588 was trans-
formed into Rosetta(DE3) cells on LB agar plates (100 mg I ampicillin)
and colonies were selected for overnight growth. Cells were grownin1l
LB mediaat37 °Ctoan OD,,0f 0.6. Cultures were cooled inanice bath
for10 minbeforeinduction withisopropyl 3-D-1-thiogalactopyranoside
atafinal concentration of 0.4 mM. Cells were allowed to grow overnight
at18 °Cbefore harvesting. The cell pellet was resuspended in suspen-
sion buffer (500 mM NaCl, 20 mM Tris (pH 8.0) and 10% glycerol).
Cells were lysed and clarified as above, and clarified lysate was
passed through a 5 ml HisTrap HP column (Cytiva Life Sciences)
pre-equilibrated with suspension buffer. The column was washed
with 40 column volumes of wash buffer (1 MNacCl, 20 mM Tris (pH 8.0)
and 30 mM imidazole). SH3-588-His, was eluted onan AKTAprime plus
system (Cytiva Life Sciences) using alinear gradient from 25to0 250 mM
imidazole over 40 mlataflowrate of 2 ml min™. The purest fractions, as
judged by sodium dodecylsulfate-polyacrylamide gel electrophoresis,
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were pooled and cleaved with TEV protease during dialysis (100 mM
NaCl,20 mM Tris (pH 8.0) and 3 uM 2-mercaptoethanol). Asubtractive
nickel purification was performed to remove uncut material. SH3-588
was concentrated and purified ona16/60 Superdex 200 column (Cytiva
Life Sciences) equilibrated in 100 mM KCI, 20 mM Tris (pH 8.0) and
5mMdithiothreitol.

COMT-SH3-588 wasincubated with2 mM SAH before laying drops.
Crystallization conditions for COMT-SH3-588 were established using
sitting-drop sparse matrix screening (using the Crystal Gryphon LCP;
Art Robbins Instruments). Crystals were obtained in 0.7 M magne-
sium formate and 0.1 M Bis-Tris propane (pH 7.0). Initial crystals were
optimized in hanging drop trays using 10-15 mg ml™ protein. Crystals
resembling grains of rice formed over 1 week at 24 °C. Crystals did
not form if the reducing agent was absent or at lower temperatures
than24 °C.

Structure determination

Crystals were transferred to a cryoprotectant consisting of the res-
ervoir solution supplemented with 20% glycerol before vitrifica-
tion by direct immersion into liquid nitrogen. All crystallographic
measurements were collected at Sector 21-ID (LS-CAT, Advanced
Photon Source; Argonne National Laboratory). Data were indexed,
scaled and integrated using XDS* as implemented in autoPROC*.
Phases were determined by the molecular replacement method as
implemented in Phaser®’ using the coordinates of PDB 1M27 and
PDB 4PYN as search probes. There was one molecule in the crystal-
lographic asymmetric unit. A high-resolution cut-off of 2.59 A was
used for the data. Although the crystallographic data statistics sug-
gest that the quality data may extend beyond this cut-off, this was
not the case as the signal-to-noise ratio dropped rapidly beyond this
resolution. For example, at a slightly higher cut-off of 2.5 A resolu-
tion, the merging R value (which reports on the agreement between
multiple measurements of a given reflection) in the highest reso-
lution shell was 200% and the value of I/o(I) (a measure of signal to
noise) was below 1. Moreover, the quality of the resultant maps did
not improve. Hence, the chosen cut-off of 2.59 A was deemed to be
appropriate.

Following one cycle of refinement using REFMACS (ref. *°), the
electron density could be observed for regions of the polypeptide
that were notincluded in the search probes, including residues at the
designed interface. While densities for the bound ligand and active site
were continuous and obvious, other regions of the polypeptide lacked
density at the main chain and were not modeled. These include the
glycine-serine linker joining the SH3 domain with the COMT domain
andaloop regioninthe COMT domain between Ser256 and Val266. In
some instances for the COMT domain, the electron density for side
chains was minimal, and the rotamers were modeled based on their
common positionacross six different structures of the isolated COMT
domain. The overall B factors are higher than would be expected for
other structures of similar resolution, but the regions of the active
site and domain interface are clearly defined in OMIT maps. Manual
and automated rebuilding using Coot* and Buccaneer*, interspersed
with cycles of refinement, resulted in the final model. Crystallographic
statistics may be found in Supplementary Table 5. The PDB accession
code for SH3-588is 7UD6.

Peptide synthesis and purification. Peptides were synthesized by
the University of North Carolina’s High-Throughput Peptide Syn-
thesis and Array Facility via the standard Fmoc solid-phase pep-
tide synthesis technique with C-terminal amide. DOPA residues
were incorporated as Fmoc protected unnatural amino acids in
peptide substrates and all peptides were purified to >90% purity,
as determined by high-performance liquid chromatography
(Supplementary Fig. 4). All of the peptides used in this study arelisted in
Supplementary Table 2.

Fluorescence polarization assays. Fluorescence polarization assays
were conducted where TAMRA-APP12 (S1) (200 nM) was incubated with
varying concentrations of enzyme (5 nMto 50 uM) in phosphate buffer
(50 mM; pH 7.5), NaCl (300 mM) and 0.005% Tween 20. Fluorescence
polarization was assessed on aMolecular Devices SpectraMax M5 plate
reader. Recognition sequence binding affinity was determined by the
best fit to a single -site binding quadratic model.

Competitive binding was accomplished by incubatingincreasing
concentrations of competitor peptide (50 nMto 500 uM) with constant
fluorophore-labeled peptide (200 nM) and enzyme (2 pM) in the previ-
ously described buffer with MgCl, (3 mM) and SAH (70 pM) to facilitate
binding of the DOPA side chain to the active site. The competitive
binding data were fit by modeling the competitive fluorescence signal
according to Hussain et al.*, Briefly, since the K, of the TAMRA-labeled
peptide (peptide S1) and its relationship to the monomer concentra-
tionsare known, the observed fluorescence polarization signal can be
simulated for agiven binding affinity for acompetitor.

Kinetic assays. Steady-state kinetics was conducted using Promega’s
MTase-Glo Methyltransferase Assay. Briefly, methylation was initiated
via pipette mixing of 2x enzyme (typically a300 pM final concentration
for the designed enzyme or naive fusion or 10 nM for WT COMT; this
concentration changed depending on the ease of conversion of the
peptide substrate) with a 2x substrate solution (typically varying from
70 nMto1 mM)inaTris buffer 20 mM; pH 8.0) with SAM (45 pM), NaCl
(300 mM), MgCl, (3 mM), ethylenediaminetetraacetic acid (1 mM),
bovine serum albumin (0.2 mg ml™), Tween 20 (0.005%) and dithi-
othreitol (1 mM). Reactions were incubated at 25 °C for the desired reac-
tion period and terminated via the introduction of areaction aliquot to
0.5%trifluoroaceticacid (to afinal concentration of 0.1% trifluoroacetic
acid). The sequential assay development steps were completed per
Promega assay guidelines following all of the timepoint collections. The
luminescence intensity was analyzed usingaBMG Labtech CLARIOstar
platereader. Kinetic parameters were determined by fitting initial rates
to the Michaelis—Menten equation in MATLAB (R2020a), where data
processing and plotting were done with Microsoft Excel.

Substrate competition liquid chromatography-mass spectrometry
assays. Competition assays were conducted similarly to the above
kinetic assays. Reactions were initiated via the addition of 2x enzyme
(final concentrations of 5, 50 and 300 nM) into 2x substrate (final
concentrations of 1,10 and 100 pM, respectively), where target and
off-target peptides were in equimolar concentrations (total peptide
concentrations of 2, 20 and 200 pM). Reactions were incubated at
25°Cfortheindicated reaction period and terminated by the addition
of 25 plsampleinto 25 pl methanol. Reaction aliquots were cleared by
centrifugation (>16,000g for 10 min) and stored at —20 °C until they
were analyzed. Reaction aliquots were analyzed by liquid chromatog-
raphy-mass spectrometry electrospray ionization (Kinetex 2.6 pm
C18 column and Agilent 6520 Accurate-Mass Q-TOF ESI) where the
resulting ratios of integrations of product and substrates were used
to calculate product conversion for each enzyme. lons were extracted
with a 50 ppm window width for the substrate and product ions, as
shown in Supplementary Table 6.

Matrix-assisted laser desorption/ionization substrate screen. DNA
encoding peptide substrates ofinterest was ordered from Twist Biosci-
ence (Supplementary Table 7). Peptide substrates were generated using
the NEB PURExpress cell-free transcription/translation system. DNA
wasintroduced into the custom PURExpress kit (using a custom amino
acid mix thatincludes L-DOPA instead of tyrosine) to directly translate
L-DOPA into our peptides. Afterincubating for1 hat37 °C, completed
IVT reactions were introduced to a2x enzyme solution (1 pM enzyme of
interest,2 mM SAM, 3 mM MgCl,, 12.5 mMascorbicacid, 300 mM NaCl
and 50 mM PBS (pH 7.4); final concentrations). Enzyme reactions were
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run for 15 min at 30 °C. To prepare samples for matrix-assisted laser
desorption/ionization coupled to time-of-flight mass spectrometry
(MALDI-TOF-MS; ABSCIEX TOF/TOF 5800 in positive reflector mode),
enzymereactions were zip-tipped (C18 stationary tips; Thermo Fisher
Scientific) to purify peptides with 4% acetonitrile and eluted onto a
MALDI plate with 80% acetonitrile with half-saturated MALDI matrix
(a-cyano-4-hydroxycinnamic acid). Enzyme conversions were calcu-
lated as the product integral over the summation of the product and
substrate integrals.

Numerical integration model. Numerical integration models were
constructed and tested in MATLAB (R2020a) to simulate the conversion
ofasingle substrate viaarecruitment mechanism (Extended Data Fig.
2aand substrate_recruitment.mscriptin Supplementary Information)
and to simulate a competition reaction where a directed and undi-
rected substrate compete for the active site (Extended DataFig. 2b and
substrate_competition.m script in Supplementary Information). The
directed and undirected routes used binding and kinetic rates derived
fromexperimental values (thatis, the directed rate (k") used k., from
SH3-588, while the undirected rate (k.,"") used k., from WT enzyme).
Inthe substrate_recruitment.m model, asubstrate can bind to the SH3
domain before engaging the active site or it can bind directly to the
active site. For the substrate_competition.m experiments, a series of
fraction_open parameters were tested (from O to 1) to reproduce the
experimental data.

The effective concentration of tethered substrate was calculated
using a geometric approach or using the fraction_open parameter
derived from numerical modeling of the competition reactions. The
geometric approach estimates the volume of a sphere from the cal-
culated radius of an amino acid chain bound to the enzyme'®. Frac-
tion_open can be used to infer the effective concentration because
itis related to the relative population of tethered substrate that is
engaging the active site at any time. A fraction_open of O would indi-
cate that the DOPA residue is always bound to the active site when
the peptide is bound to the SH3 domain and thus would indicate a
very high effective concentration. A fraction_open of 1would indicate
that the DOPA residue is not engaging the active site and thus the
effective concentration is very low. Equation (1) was used to estimate
the effective concentration (that is, [substrate]) from the fitted frac-
tion_open parameter and the K; of DOPA for the active site. K, was set
equal to the K, value measured for peptides that did not include a
poly-proline motif.

[substrate]

_ 1
K4 + [substrate] W

1—fraction open =

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Atomic coordinates for the designed SH3-COMT fusion, SH3-588,
have been deposited to the Protein Data Bank under the accession
number 7UD6. The plasmid for SH3-588 has been deposited to AddGene
under plasmid number 185920 (pMCSG28-SH3-588). Source data are
provided as Supplementary Data 1.

Code availability

Code used to model kinetic and substrate competition data is
available in the Supplementary Information. Rosetta scripts
used to design the protein interfaces are also provided in the
Supplementary Information and a demo folder containing
scripts and input files can also be found in the Supplementary
Information.
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Extended Data Fig.1| Expanded set of timepoints for substrate competition +/-SEM across three distinct reactions (n = 3, frequently hidden under data
assay. Expanded set of timepoints for substrate competition assay for target points). Error bars are centered on the mean. (d) Exact timepoints collected for1,
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Data exclusions  Typically, 12 points were fit to determine initial reaction rate; however, outlier data points were excluded from kinetics experiments in cases
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