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Materials and Methods

Protein Preparation. PCR-based site-directed mutagenesis of the cyt chsq variants
(Tables S1-S2) was carried out as previously published (23). The “triad” mutations to
introduce Zn binding residues were made using the parent plasmid pET20b(+)/“*°RIDC].
The sequences of the primers used for the triad mutations are listed in Table S2. After
mutagenesis, the plasmids were transformed into competent XL1-Blue or DH5a E. coli
cells. For sequencing, a single colony grown in LB/agar plates with 100 mg/L ampicillin
was picked and grown in 5 mL LB media with 100 mg/L ampicillin for ~8 hrs at 37 °C.
The plasmid was extracted using the Miniprep kit (5 Prime or Qiagen) and sequenced
(Retrogen). The sequenced plasmid was transformed into competent BL21(DE3) E. coli
cells which contained the ccm (cytochrome ¢ maturation) cassette (36). The colonies
were grown overnight at 37 °C on agar/LB plates containing 100 mg/L ampicillin and 30
mg/L chloramphenicol. Starter cultures were grown from single colonies from LB/agar
plates in LB media containing the same amounts of antibiotics. After the cell growth at
37 °C for ~5-8 hrs, when ODg reached ~0.7-0.8, the cell culture was inoculated into 12-
14 L of LB media. Proteins were expressed by autoinduction, whereby the cells were
grown for ~16-20 hrs without the addition of IPTG. Protein purification was performed
by standard procedures as described previously (23). Briefly, the protein was lysed by
repeated cycles of sonication in 10 mM sodium phosphate buffer in an ice bath. The pH
of the lysate was lowered to 5 to precipitate proteins other than chses, variants. After
centrifugation and adjusting the pH to 8, the supernatant was loaded onto a Q sepharose
column and eluted using a step-gradient in the range of 0-1 M NaCl in 10 mM NaPi, pH
8.0 buffer at 22 °C. After this step, the protein was further purified by on a high Q-
cartridge column using a Biologic DuoFlow workstation (BioRad) using a linear gradient
of 0-0.5M NaCl in 10 mM NaP1i, pH 8.0 buffer. This step was followed by size exclusion
chromatography on a Superdex 75 column using a buffer solution containing 20 mM
Tris/HCI (pH 7.0) and 150 mM NaCl after reducing the protein with excess dithiothreitol
(DTT). The purity of the protein was confirmed by SDS-PAGE and UV-vis absorption
ratio at 415 nm (Soret peak) versus at 280 nm. The cutoff for pure proteins was A41s/Azs0
>4. The protein was treated with 10-fold excess EDTA overnight at 4 °C to prepare the
apo protein. Excess EDTA was removed by using the 10DG column (BioRad) and a
buffer solution containing 20 mM Tris/HCl (pH 7.0) and 150 mM NaCl. For the
preparation of fully Zn-metallated protein sample, ~2.5 equiv of ZnCl, (100 mM stock
solution in ddH,0) was added to the protein, kept for ~1-3 h at 4 °C. The unbound Zn
ions were removed by using a 10DG column and a buffer solution containing 20 mM
Tris/HCI (pH 7.0) and 150 mM NaCl. Both apo and Zn bound protein samples were kept
frozen at —80 °C after concentrating to a concentration of ~1 mM.

Construction of Kanamycin-Resistant Vector for cyt chss; Protein Expression. The
original vector for cyt chse; expression is pET20b(+) (4034 bp) (22) and contains an
ampicillin-resistance marker. To utilize ampicillin as a hydrolyzable substrate for in vivo
screening, the vector was reconstructed with kanamycin-resistance sequence. The
sequence for kanamycin-resistance was lifted from the pET24 vector (5236 bp, NEB).
Both pET20b(+) and pET24 vectors were doubly digested with Dralll and Alwnl for 1 hr
at 37 °C, using protocols recommended by the supplier (New England Biolabs, NEB).
The digested product of pET 20b(+) was purified with 1.5% agarose gel electrophoresis



at 100 V for 1 hr and extracted using a DNA extraction kit (Promega), yielding 2414 and
1620 bp fragments. The pET24 kanamycin-resistant sequence (1487 bp) was also
obtained using an identical procedure and was ligated to the piece from pET20b(+) (2414
bp) that contains the sequence for cyt cbseq; using T4 ligase (NEB). The ligated product
was transformed to XL1-Blue E. coli. cells and plated on the LB/agar plate containing 50
pg/mL of kanamycin. After overnight incubation at 37 °C, a few grown colonies were
inoculated individually into ~30 mL of LB medium containing 50 pg/mL of kanamycin.
The plasmid was extracted using the Miniprep kit from Qiagen and the DNA sequence
was confirmed (Retrogen).

Determination of Metal-Binding Properties of AB3 variants by ICP-OES and
competition titrations. Apo protein (~1 mM) was added 0 to 5—fold molar excess of
ZnCl, (100 mM stock solution) and incubated for ~3 hrs at 22 °C. The solution was
applied to a 10DG column using an elution solution containing 20 mM Tris/HCI (pH 7.0)
and 150 mM NacCl to remove unbound metal ions. HNO; was added to the sample (~25-
30 uM final concentration, 3 mL) to make a ~3% solution. A standard calibration curve
for ICP-OES was prepared using 0-10 ppm Zn and Fe standard stock solutions (Ricca
Chemical Company) prior to the analysis of protein solutions. The absorption of the each
metal ion was monitored at >3 different wavelengths and in triplicate. The concentration
of Fe, originating from the covalently bound heme cofactor, was used as an internal
standard to determine monomeric protein concentration (Fig. S1A).

To determine the Zn affinities of the “'®*AB3 variant, a fluorescent metal chelate,
MagFura-2, was used in competition assays. To a 1-mL solution of 20 mM MOPS (pH
7.0) and 150 mM NacCl, which was pre-treated with Chelex 100 (Biorad) for ~3 hrs prior
to use, ~5 uM of metal-free MagFura-2 (Life Technologies, €366 nm = 29 900 M'cm™)
was added using pipette tips pre-washed with HNOs. To this solution, ~20-25 uM of
AMMAB3 apo protein was added from a concentrated stock solution, followed by aliquots
of a ZnCl, stock solution (1 mM). The concentration of the ZnCl, stock solution was
independently determined by titration with metal-free, 4-(2-pyridylazo)resorcinol PAR
(~1.44 mM) and monitoring the changes at absorption at 500 nm (gs0pnm for (PAR),Zn =
59100 cm™'M™) (24). Following incubation for ~3-4 min to reach equilibrium, the change
in the absorbance at 321 nm was used to measure the concentration of Zn-bound
MagFura-2, which is in the equilibrium with *'**AB3 protein (Fig. S6). The titration
curves were fit to a consecutive two site binding model for protein, using Dynafit (37) as
described previously (24). The experiments were performed in duplicate. The Zn binding
constants for the *'**9*’AB3 and *'*"'AB3 variants were determined using the same
procedure (Table S5 and Fig. S11).

Determination of the Oligomerization States of the Variants by Analytical
Ultracentrifugation. The samples for AUC analysis of Zn-protein complexes contained
~5 uM protein in a buffer solution consisting of 20 mM Tris/HCI (pH 7.0) and 150 mM
NaCl. The measurements were made on a Beckman XL-A instrument using an An-60 Ti
rotor. For each sample, 250-400 scans were obtained at 25 °C at 41 000 rpm. All data
were processed using Heteroananalysis (University of Connecticut, Analytical
Ultracentrifugation Facility) and SEDFIT software (38) with the following fixed
parameters: buffer density (r) = 1.0049 g/mL; buffer viscosity = 0.010214 poise; Vbar =
0.73084 (Fig S1B). The AUC experiments were also carried out with *'®*AB3 variant at



different pH’s (pH 7, 9, and 10), relevant for enzymatic activity assays (Fig S10A) to
demonstrate that the tetrameric species is still intact. The maximal sedimentation
coefficients for the major species were 4.26, 4.59, 4.15 for pH 7, 9, and 10 conditions,
respectively, accounting for 79%, 76%, and 70% abundance. The maximal sedimentation
coefficients for the tetrameric species for *'**“7AB3 and *'*'T'%°AB3 are 4.5 and 4.2,
accounting for 90% and 76% abundance, respectively (Figs. S10B and S10C).

X-ray Structure Determination. Crystals of the Zng:AB3, and Zng:*'*Y9*’AB3
complexes were obtained by sitting-drop vapor diffusion at 22 °C, using protein stock
solutions (2 mM) pre-incubated with 2 equiv of ZnCl,. The following precipitant
solutions were used: 18% PEG 400 in 100 mM Tris (pH 8.5) and 0.2 M MgCl, for AB3
and 27% (+/-)-2-methyl-2,4-pentanediol 400 in 100 mM Bis-Tris (pH 6.5) with 0.2 M
CaCl, and 10 mM ampicillin for #'°*“*’AB3. The sitting drop contained 1 pL each of the
protein stock solutions and precipitant solutions, and the well contained 300 pL of the
precipitant solution. The crystals were frozen in liq. N, and diffraction data were
collected at SSRL Beamlines 9-2 or 14-1 using 0.98 A radiation at 100 K (see Table S3
for data collection and refinement statistics). Diffraction data were processed using
iMosflm and Scala (39). Molecular replacement was carried out using Phaser (40)
whereby the structure of the ““°RIDC1 monomer (PDB 31Q6) (24) was used as a search
model. Rigid-body and restrained refinement with REFMACS (4/) along with manual
model rebuilding and metal/water/ligand placement with COOT produced the final
models. For the Zng:AB34 structure, 4-fold noncrystallographic symmetry (NCS)
restraints were applied throughout the refinement process. The Ramachandran plots were
calculated with PROCHECK (42). All figures (Figs 1, 3, S2, and S15) were produced
with PYMOL (www.pymol.org).

In Vitro Activity Assays for pNPA, ampicillin, and nitrocefin hydrolysis. Activity
assays for p-nitrophenyl acetate (pNPA) hydrolysis were carried out at 25 °C using an
Agilent 8453 UV-vis spectrophotometer. The reaction of ~7 uM of protein with p-
nitrophenyl acetate (pNPA, 0-1.5 mM, dissolved in CH3CN) at various pH’s (pH = 7.0-
10.0; 0.1M NaPi and borate buffers for pH 7.0-8.0 and pH 8.25-10.0 ranges, respectively)
was monitored at 400-405 nm, where the hydrolyzed product, p-nitrophenolate strongly
absorbs (Fig. S3A). Time-dependent optical changes were fit to a linear function to
obtain initial rates, which were converted to initial molar rates. These rates were
determined at various pNPA concentrations (Fig S3A). The data were fit to the
Michaelis-Menten equation, v = keu[EJo[S]/(Kmt[S]), where v, [E]o, and [S] are the rates,
enzyme concentrations, and substrate concentrations, respectively, to determine k.,r and
kea/Kym values (Fig. S3B). Given that some amino acids, such as serine or histidine,
display basal pNPA hydrolysis activity, the net reactivity arising from the catalytic Zn
sites was obtained by subtracting the initial product formation rate of the Zn-bound
protein from that of the apo-protein under the identical conditions (pH, buffer component,
temperature, and substrate concentrations). The rates for either apo or Zn-bound samples
were measured in triplicate.

To determine the pK, of Zn-H,O/OH centers of *'**AB3 variant, the pNPA hydrolysis
assays were performed at various pH’s (pH 7-10), using either 0.1 M sodium phosphate
or sodium borate buffer at pH 7.0-7.5 or pH 8.0-10.0, respectively. The absorption
coefficient at 405 nm for the deprotonated product, p-nitrophenolate varies depending on



pH conditions as 12.8 x 10’ cm™ M™ at pH 7.5, 16.2 x 10> cm™ M at pH 8, 17.8 x 10°
em M at pH 9, and 18.2 x 10’ ecm™ M at pH >9.5 (43). The plot of hydrolysis rates
vs. pH was fit to the following equation, y= (kmax*10PHPED)/(1+10PHPKY) " where iy
indicates the maximum rate constant for the fully deprotonated (i.e., OH") species (Fig
S3B). The data at pH 10 were excluded for the fit to estimate the single pK, value for Zn-
H,O/OH™ centers. To confirm that the enzymatic activity originated from the protein-
bound Zn sites, the hydrolytic activities of free Zn ions were also measured by mixing
various concentrations of free Zn ions with 750 uM of pNPA at pH 9 (Fig. S3C). No
dependence of the rate of pNPA hydrolysis on the Zn concentration was observed,
indicating that the free Zn ion is not competent in catalysis. The hydrolytic activities of
AVGTAR3 and A'*T'AB3 for pNPA were also measured using the same procedure
(Fig. S12).

To measure activities for ampicillin hydrolysis, the mixture of Zn-bound protein (~7 uM
in 0.1 M borate buffer) with freshly prepared ampicillin (dissolved in ddH,O) was
injected to the C18 analytic column (Agilent Eclipse Plus C18, 3.5 pum, 4.6 X 100 mm),
using an Agilent Technologies 1260 Infinity HPLC workstation using the following
elution profile: 90% H,0O/10% CH3CN for 3 mins, followed by a linear gradient of 90%
H,0/10% CH;3;CN to 10% H20/90% CH3CN over 15 mins with 1 mL/min flow rate (Fig
2B). Injection were made every ~20 mins to 1 hr for ~5-18 hrs at 25 °C and the
quantitative analysis was done by using 220 nm detection and integrating the peak areas.
The retention times of ampicillin and the hydrolyzed product were ~7.1 and 7.8 mins,
respectively, which were confirmed by ESI-MS and 'H NMR (Fig S4). In ESI-MS for
ampicillin (Fig S4A), M represents the molecular weight of ampicillin (349.1 g/mol).
m/z: 129.1 (M+CI+4H"), 141.4 (M+2CI+5H"), 350.1 (M+H"), 372.1 (M+Na"). The
mass for the hydrolyzed product, ampicilloic acid, was represented as (M+H,0): 114.8
(M+H,0)+4Na"), 1453 ((M+H,0)+3Na'), 206.5 ((M+H,0)+2Na"), 237.6
(M+H,0)+2Na"+3H™+BO0s”). '"H NMR spectroscopy was performed on Varian 400
MHz instrument and the spectra were calibrated to a residual solvent. 'H NMR for
ampicillin (Fig S4B): & 9.38-9.29 (d, 1H), 7.64-7.25 (m, 5H), 5.58-5.49 (dd, 1H), 5.43-
5.36 (d, 1H), 5.04 (s, 1H), 4.16 (s, 1H), 1.55-1.28 (d, 6H). The solvent peaks, H,O and
DMSO, at 3.34 and 2.49 ppm, respectively, were marked with asterisks. "H NMR for
ampicilloic acid: 6 8.64-8.59 (d, 1H), 7.86-7.81 (d, 1H), 7.39-7.27 (m, 5H), 5.10-5.06 (d,
1H), 4.93 (s, 1H), 3.85-3.81 (t, 1H), 3.59 (s, 1H), 1.54 (s, 3H), 1.20 (s, 3H).

A linear fit to the time-dependent changes in the concentration of the substrate was used
to obtain the initial rate of substrate consumption. The specific ampicillin hydrolysis
activity was obtained from the reaction with 750 uM of ampicillin at pH 9.0, whereby the
initial rates were converted to specific activities by dividing by the mass of protein used
for the reaction, 0.0084 mg (Fig S9). To estimate the uncatalyzed rate of ampicillin
hydrolysis, the rate of ampicillin consumption was measured over ~5-18 hrs with various
substrate concentrations under identical conditions (buffer composition and temperature)
as the enzymatic assay, except that the protein was not included. A linear fit was applied
to obtain a slope, which represents the uncatalyzed rate constant.

The hydrolytic rates of the Zn-complexed proteins were determined at various ampicillin
concentrations (Fig 2C, 2F, and S14). The data were fit to the Michaelis-Menten
equation, v = keu[E]o[S]/(KmH[S]), where v, [E]o, and [S] are the rates, enzyme



concentrations, and substrate concentrations, respectively, to determine kcyr and kca/Km
values (Fig. 2F and Table 1).

To determine the pK, of Zn-H,O/OH™ centers of AVGSTAB3 and A'*TAB3 variants,
the ampicillin hydrolysis assays were performed at various pH’s (pH 7-10), using either
0.1 M sodium phosphate or sodium borate buffer at pH 7.0-7.5 or pH 8.0-10.0,
respectively. The reaction was initiated by mixing either *'°*“7AB3 or AT AB3
protein (7 uM) with 750 uM of ampicillin. To obtain the net activities of the proteins,
first, the background rate of ampicillin hydrolysis was measured using the “°RIDCI
variant, which lacks the catalytic Zn sites. Then, this baseline rate was subtracted from
the observed rates obtained with Zn-protein complexes. The plot of hydrolysis rates vs
pH was fit to the following equation, y= (kmax*10PHPEY)/(1410PHPED) " where Kpax
indicates the maximum rate constant for the fully deprotonated (i.e., OH") species (Fig
S13).

Hydrolytic activity with nitrocefin was measured by monitoring the formation of the
hydrolyzed product at 490 nm at 25 °C, upon the mixing of the Zn-complex of
AlOGSTARS (7 uM) with nitrocefin (dissolved in H,O:DMSO=1:2) in a 0.1 M sodium
borate buffer solution (pH 9) (Fig S17). The €499 values for substrate and product, 1520
em ™M™ and 17200 cm™ M| respectively (44), were used to calculate the hydrolytic rate
constants. The reaction with apo-AlO4/G57AB3 was also carried out under identical
conditions to obtain the net hydrolytic activity of Zn-OH site.

Characterization of Proteins from Periplasmic Extraction and Purification.
Periplasmic extraction of the *'**AB3 variant was carried out as previously described
(45). Briefly, E. coli cells expressing the “'“*AB3 protein were sedimented by
centrifugation at 5000 rpm, 4 °C. The cell paste was washed three times with ice-cold
buffer solution containing 10 mM Tris/HCI (pH 7.3) and 30 mM NaCl. The cell pellet
was then resuspended with 10 volumes (v/w) of a 33 mM Tris/HCl (pH 7.3) buffer
solution, and subsequently added an equal volume of the the same buffer solution now
supplemented with 40% sucrose and 0.4 mM EDTA. The suspension was gently shaken
for 10 mins at room temperature and centrifuged at 4 °C. To remove residual EDTA, the
pellet was washed with the 33 mM Tris/HCI (pH 7.3) buffer solution. The pellet was then
resuspended with 20 volumes of ice-cold buffer containing 0.5 mM MgCl,, and gently
swirled for 10 mins to effect the lysis of the outer membrane, followed by centrifugation
at 4 °C for 20 min. Iodoacetamide was added in excess in the last step of periplasmic
extraction so that any free thiol-containing proteins, such as the monomeric *'**AB3
variants could be trapped to prevent post-lytic oligomerization. To confirm that no free
thiol-species remains in the solution, Ellman's reagent (5,5'-dithiobis-(2-nitrobenzoic
acid)) was added. No spectral changes were observed, which indicated that the reaction
with iodoacetamide was complete. The protein contained in the extract was immediately
isolated using a Q sepharose column, and applied to a Superdex75 size exclusion
chromatography column for the determination of the oligomerization state. To determine
the retention time for monomeric, dimeric, and tetrameric species, MBPCI, A104/T%AB3,
and Zng:"'"*AB3, variants, respectively, were also run as standards (Fig S5A). The
oligomeric state of MBPCI in the absence of Zn has been previously characterized with
analytical ultracentrifugation to be a monomer (1.8 S) (46). AT A B3 protein was



prepared by site-directed mutagenesis as an indicator for the dimeric state, which was
independently confirmed by analytical ultracentrifugation (2.3 S).

To prepare fully metallated *'**AB3 oligomers and to measure their Zn occupancy, the
BL21(DE3) E. coli. cells with the ccm cassette were grown in LB media supplemented
with 50 uM of ZnCl,. The proteins extracted from the periplasm were purified using a
modified procedure from what is described above, which avoids using any anionic
exchange columns for pre-purification, because the Q Sepharose resin was found to
extract Zn ions from proteins. The periplasmic extract was directly applied to a size
exclusion column (AcA 50), which yielded protein AB3 oligomers with >60% purity,
based on the SDS-PAGE gel and UV-vis spectrum of the sample. Any impurities eluted
with the targeted *'**AB3 variant did not contain any metal ions, indicating that all
detected metal ions (by ICP-OES) originated from the AB3 oligomers. The Fe
concentration was used as an internal indicator for AB3 monomer concentration as each
monomer contains a single, covalently bound heme cofactor (Fig S5B).

Construction of Saturated Mutant Libraries of *'**AB3. To generate random point-

mutant libraries at individual active site positions for *'®*AB3 protein, previously
published saturated-mutagenesis protocols (29) were followed, whereby a kanamycin-
resistant vector (vide supra) carrying the “'*AB3 gene was used. The primers used for
PCR to modify the residues 57, 60, 104, and 105 at Al AB3 were as follows, where N =
AC,GorT; K=GorT;M=A orC:

57: 5'-CG GAC AGC CCG NNK ATG CAC GAT TTC-3' and 5'-GAA ATC
GTG CAT MNN CGG GCT GTC CG-3'

60: 5'-CCG GAA ATG CAC NNK TTC CGC CAC GG-3' and 5'-CC GTG GCG
GAA MNN GTG CAT TTC CGG-3'

104: 5'-C AAC CAT TGC CAC CAG NN KTA TCG TTA ATT CCT C-3'and 5'-
GA GGA TTA ACG ATA MNN CTG GTG GCA ATG GTT G-3'

105: 5'-CAT TGC CAC CAG GCG NNK CGT TAA TTC CTC ATT TC-3' and
5'-G AAAT GAG GAA TTA ACG MNN CGC CTG GTG GCA ATG-3'

Multiple rounds of PCR were performed at various annealing temperatures (57-59 °C).
To minimize the chance of obtaining the same sequence as the parent template, the PCR
products were digested with DpNI for 1 hr at 37 °C and transformed into XL1-Blue or
DHS5a competent cells. To cover 95% of complete single mutant library, greater than 100
colonies were picked from the LB/agar plates, yielding the mixture of plasmids that
contained random codons for the targeted residue. The randomized codon of the plasmid
mixtures was confirmed by DNA sequencing (Fig. S7).

In Vivo Screening of P-Lactamase Activities. Randomized plasmid libraries were
transformed into BL21(DE3) E. coli cells, which contained the ccm (cytochrome c
maturation) cassette and plated on LB/agar plates containing 50 mg/L of kanamycin and
30 mg/L of chloramphenicol. Greater than 100 colonies were picked and inoculated into
LB medium solutions containing kanamycin and chloramphenicol at the same
concentrations as described above. 50 uM of ZnCl, was added into the culture media and
the cells were grown at 37 °C for ~20 hrs. Upon reaching an ODggo ~1.5, 40 pL aliquots
of the cultures were inoculated on the LB/agar plates containing 50 mg/L of kanamycin,



30 mg/L of chlorophenicol, 50 uM ZnCl,, 25 uM IPTG, and various concentrations of
ampicillin (0-1.6 mg/L) and the plates were incubated at 37 °C for ~30 hrs. Due to the
leaky expression system, IPTG was not necessary to express the protein, but was added
for in vivo experiments to ensure immediate protein expression during cell growth. The
colonies grown on the plates were individually inoculated into ampicillin-free LB media
for miniprep and sequencing. The sequencing results of the surviving cells are
summarized in Figs. 3E and S8. To obtain more accurate statistics of the screening
results, each codon, rather than amino acid, were counted so that there is no bias for the
amino acids that are encoded by more than one codon. The dominant and minor outputs
for each amino acid were shown with red and white bars in Fig. S8, respectively.

Building a Docking Model for *'*Y“*’AB3 Variant with Ampicillin. The coordinates
for ampicillin were genereated using the PRODRG server (47). The ampicillin molecule
was set to have the freedom of rotation at every carbon atom except for those comprising
of B-lactam and arene ring. Autodock Vina (48) was utilized to predict potential binding
sites for ampicillin to the protein surface. The size of grid box was set to 22 X 24 X 28
A’. Among the multiple possible conformations, three of them, exhibiting the carbonyl
group of the B-lactam close to the Zn-OH, are shown as possible docking conformations
(Fig. S15C).

Determination of 1,8-ANS Interactions of the Zn-complexed Variants. The emission
spectra of 1-anilinonaphthalene-8-sulfonate (ANS) were recorded at 22 °C between 400
and 730 nm upon the excitation at 386 nm (49) using a Horiba FluoroLog
Spectrophotometer. A stock solution of 1,8-ANS (77 mM in DMSO) was freshly
prepared and its concentration was spectrophotometrically determined using €350 nm=
5000 M'em™ (50). Either 1,8-ANS (14 pM) or the mixture of 1,8-ANS with protein
samples as the ratio of 1:2 were prepared in 3 mL of a buffer solution containing 20 mM
Tris/HCI (pH 7.0) and 150 mM NaCl. The protein-free, 1,8-ANS sample displayed a
characteristic emission with Amax = 520 nm, which immediately shifted to 470 nm with a
large concomitant increase in intensity upon addition of Zng:*'*%°’AB3, (Fig S16). The
increase in the fluorescence with blue shift is indicative of the interaction of 1,8-ANS
with accessible hydrophobic surface of the protein.



Supplementary Figures

Fig S1. Characterization of the metal content and oligomerization properties of various
cyt cbsep constructs.

Fig S2. Various views of the Zns.AB3, crystal structure.
Fig S3. Hydrolysis of pNPA by Zng*'**AB3,.
Fig S4. ESI-MS and NMR spectra of ampicillin and its hydrolysis product.

Fig S5. Determination of the oligomeric state (A, size exclusion chromatography) and the
metal content (B, ICP-OES) of the *'**AB3 assembly extracted from the E. coli
periplasm.

Fig S6. A representative competitive Zn-binding isotherm of *'**AB3 and MagFura-2,

Fig S7. Representative sequencing results of saturated single variant library of *'**AB3,
showing the randomization of the codons for the selected residues.

Fig S8. Frequencies of ampicillin survival by cells expressing saturated *'**AB3 single
mutant libraries.

Fig S9. In vitro B-lactamase activities of selected variants.

Fig S10. Characterization by sedimentation velocity of the oligomerization states of
MO AB3 variants in the presence of 2 equivalents of Zn.

Fig S11. Competitive Zn-binding isotherms for *'**9*’AB3 and *'*T' AB3.

Fig S12. Hydrolysis of pNPA by Zng:*'"*97AB3, and Zng:*'*T'AB3,.

Fig S13. pH-dependent ampiclllin hydrolysis rates of AB3 variants and control species.
Fig S14. Hydrolysis of ampicillin by other single variants of Zng:*'**AB3,.

Fig S15. X-ray crystal structure of Zng:*'**“’AB3, and the docking models of ampicillin
binding near the peripheral Zn sites.

Fig S16. Fluorescence emission spectra of 1-anilinonaphthalene-8-sulfonate (ANS) in the
absence and presence of Zn-bound assemblies, Zns:“°RIDC 14, Zng:AB34, and
Zng: NG A RS,

Fig S17. Nitrocefin hydrolysis activity of Zng:*'*Y%’AB3,.



Supplementary Tables

Table S1. Triads of potential Zn-binding residues on Zns:"*“RIDC1,. The triad variants
prepared for this study are shown in bold with their abbreviated names in parentheses.

Table S2. DNA primers used for site-directed mutagenesis.
Table S3. Crystallographic data collection and refinement statistics.

Table S4. Previously published pNPA hydrolysis activities of various proteinaceous and
non-proteinaceous catalysts for comparison.

Table S5. Dissociation constants for the Zn complexes of *'**“*’AB3 and #'*/T'AB3
variants.



Fig. S1. Characterization of the metal content and oligomerization properties of various
cyt cbsep constructs.
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Fig. S2. Various views of the Zng.AB3, structure.

(A) Superposition of ZngAB34; with Zn,”*“RIDCl, (PDB 3IQ6). Zng.AB3, with
Zny:*“RIDC1, are colored in cyan and yellow, respectively. The Zn atoms in Zng.AB34
with Zn,:**“RIDC1, are colored in blue and orange, respectively.

(B) Close-up view of the four peripheral Zn-coordination sites engineered for catalysis in
ball-and-stick (left), the corresponding 2F,—F, electron density map contoured at lc
(cyan, middle), and surface/space-filling representations (right). The Zn atom is shown as
a navy sphere. The Zn coordinating residues (86, 89, 100) and the surrounding residues
(57, 60, 104, 105) are shown as pink and yellow sticks, respectively. To illustrate the
potential accessibility to the Zn site from bulk solvent, surface representation of the K104
side chain was omitted.




Fig. S3. Hydrolysis of pNPA by Zng.*'**AB3,.

(A) Representative time-dependent UV-vis spectra during the reaction of Zng.*'**AB3,
with pNPA and a Michaelis-Menten plot for the reaction in 0.1 M sodium borate buffer
(pH 9) at 25 °C.
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(B) pH-dependent Michaelis-Menten kinetic parameters for the hydrolysis of pNPA by
Zns M AB3,.
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(C) The lack of pNPA hydrolytic activity by the free Zn ion.
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Fig. S4. ESI-MS and NMR spectra of ampicillin and its hydrolysis product.

A) ESI-MS of ampicillin (left) and the hydrolyzed product (right).
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(B) "H NMR (400 MHz, DMSO) of ampicillin (left) and the hydrolyzed product (right).
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Fig. S5. Determination of the oligomeric state (A, size exclusion chromatography) and
the metal content (B, ICP-OES) of the *'**AB3 assembly extracted from the E. coli
periplasm.
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Fig. S6. A representative competitive Zn-binding isotherm of *'**AB3 and MagFura-2.
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Fig. S7. Representative sequencing results of the saturated single variant library of
AAB3, showing the randomization of the codons for the selected residues (shown with

a box).
(A) 57 residue

c C G G G G A T G C

280 285

[« LT [yl
(B) 60 residue

Cc A C Cc Cc G T T Cc C

285 200

Il T Il
(C) 104 residue

C A G G G G T A T C

420 42!

il

« 1B} Il

]

(D) 105 residue




Fig. S8. Frequencies of ampicillin survival by cells expressing saturated *'**AB3 single
mutant libraries. To obtain more accurate statistics of the screening results, each codon,
rather than amino acid, were counted so that there is no bias for the amino acids that are
encoded by more than one codon. The dominant and minor outputs for each amino acid
were shown with red and white bars, respectively. Original residues are marked with

asterisks.
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Fig. S9. In vitro B-lactamase activities of selected variants (in their Zn-complexed forms
unless indicated).
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Fig. S10. Characterization by sedimentation velocity of the oligomerization states of
MO AB3 variants in the presence of 2 equivalents of Zn.
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Fig. S11. Competitive Zn-binding isotherms for AGSTAB3 and AT AB3.

(A) MGTAB3 (26 pM); MagFura-2 (5.31 pM).
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Fig. S12. Hydrolysis of pNPA by Zng: M9 TAB3, and Zng: AT AB3,.
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Fig. S13. pH-dependent ampicillin hydrolysis rates of the Zn complexes of AB3 variants
and control species.
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Fig. S14. Hydrolysis of ampicillin by single variants of Zng:*'**AB3, (other than
Zng: 97 AB3,). The data were fit to either a linear (black) or Michaelis-Menten
equation (red).
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(C) Zng: V'™ AB3,
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Fig. S15. X-ray crystal structure of Zng:*'®*“’AB3, and the docking models of
ampicillin binding near the peripheral Zn sites.

(A) Close-up view of the structural Zn-coordination sites shown as surface representation.
The Zn-coordinating residues (H63, H73, H77) are shown as green sticks. The Zn center
and the coordinated solvent molecule are shown as navy and red spheres, respectively.

(B) Close-up view of the four catalytic Zn-coordination sites (left) and the four structural
Zn-coordination sites (right), and the corresponding 2F,—F. electron density maps
contoured at 1o (cyan). The Zn atom and the Zn-bound solvent molecule at the catalytic
sites are shown as navy and red spheres, respectively. The residues at the catalytic sites
are shown with yellow sticks. Residues surrounding the structural Zn-coordination sites,
W41, R62, and W66, are shown as sticks.




(C) Three possible docking modes of ampicillin onto the Zng:*'*"“*’ AB3, catalytic sites
as calculated with AutoDock. Surface representation of Zng:*'**“*’AB3,. Structurally
disordered loops are displayed as yellow ribbons. Potential substrate interaction sites,
consisting of residues 58-60 and 104-105, are colored in blue. The ampicillin molecule is
shown as sticks. The Zn center and the coordinated solvent molecule are depicted as navy
and red spheres, respectively. The distances between the Zn-bound water molecule and
the carbon of the B-lactam ring for each conformations are shown.




Fig. S16. Fluorescence emission spectra of 1-anilinonaphthalene-8-sulfonate (ANS) in
the absence and presence of Zn-complexed proteins, Zng:“"°RIDC14, Zng:AB34, and
Zng: MG A R3S,
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Fig. S17. Nitrocefin hydrolysis activity of Zng:*'*%’AB3,

(A) Michaelis-Menten kinetics.
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(B) Measurement of uncatalyzed rate of nitrocefin hydrolysis in buffer solution.
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Table S1. Triads of potential Zn-binding residues on Zns:“**RIDC1,. The triad variants
prepared for this study are shown in bold with their abbreviated names in parentheses.

Ligand, A | Ligand, B Amino acid
combination

A-set 89/93 100 H/H/H (AB1)
E/H/H
H/E/H (AB4)
H/H/E

B-set 86/89 104 H/H/H
E/H/H
H/E/H
H/H/E

C-set 86 100/104 H/H/H
E/H/H
H/E/H
H/H/E

D-set 89 100/104 H/H/H (AB2)
E/H/H
H/E/H
H/H/E

E-set 86/89 100 H/H/H
E/H/H (AB3)
H/E/H
H/H/E




Table S2. DNA primers used in this study for site-directed mutagenesis.

Triad mutants Mutations from Primers
YCRIDC-1
AB1 A89H/Q93H 5'-GCGCAGCATGCTGCAGAGCATCTGAAATG-3'
(H89/H93/H100)
5'-CATTTCAGATGCTCTGCAGCATGCTGCGC-3'
A100H 5'-CCTGCAACCATTGCCACCAGAAGTATCG-3'
5'-CGATACTTCTGGTGGCAATGGTTGCAGG-3'
AB2 E86D/A89H 5'-GTAAAAGATGCGCAGCATGCTGCAGCAAC-3'
(H89/H100/H104)
5'-GTTGCTCTGCAGCGTACTGCGCATCTTTTAC-3'
A100H/K104H 5'-CAACCATTGCCACCAGCATTATCG-3'
5'-CGATAATGCTGGTGGCAATGGTTG-3'
AB3 A89H 5'-GAAGCGCAGCATGCTGCAGAGCAACTG-3'
(E86/H89/H100)
5'-CAGTTGCTCTGCAGCATGCTGCGCTTC-3'
A100H 5'-CCTGCAACCATTGCCACCAGAAGTATCG-3'
5'-CGATACTTCTGGTGGCAATGGTTGCAGG-3'
AB4 A89H/Q93E 5'-GCGCAGCATGCTGCAGAGGAACTGAAATG-3'
(H89/E93/H100)
5'-CATTTCAGTTCCTCTGCAGCATGCTGCGC-3'
A100H 5'-CCTGCAACCATTGCCACCAGAAGTATCG-3'
5'-CGATACTTCTGGTGGCAATGGTTGCAGG-3'
E86D 5'-GTAAAAGATGCGCAGCATGCTGCAGCAAC-3'
5'-GTTGCTCTGCAGCATGCTGCGCATCTTTTAC-3'
AB3+K104A: K104A 5'-CCATTGCCACCAGGCGTATCGTTAATTCCTC-3'
A104
AB3

5'-GAGGAATTAACGATACGCCTGGTGGCAATGG-
3'




Table S3. Crystallographic data collection and refinement statistics (*denotes highest

resolution shell).

Protein AB3 R N:E

Data collection location SSRL BL9-2 SSRL BL 14-1

Unit cell dimensions 54.8 x 54.8 x 237.8 71.3 x92.2 X 98.6

a=pB=90°y=120° a=pB=y=90°

Symmetry group P6, F222

Resolution (A) 47.565-2.50 35.66-2.80

X-ray wavelength (A) 0.98 0.98

Number of unique reflections 13979 4159

Redundancy 9.0 (8.8) 4.3 (4.5)

Completeness (%)* 99.9 (100) 98.9 (100)
{d/cl) * 15.2 (4.3) 22.2(8.1)

Reymm™ (%) 7.7 (44.0) 4.8 (16.8)

Ryor/Rizee (%0) 23.8/29.6 24.5/28.9

Number of atoms 3524 954

Protein 3306 818

Ligands/ions 180 49

Water 38 87

B-factors (A%)

Protein

Chain A 59.1 64.6

Chain B 65.7

Chain C 64.4

Chain D 90.5

Ligands/ions 71.8 63.7

Water 52.4 56.3

R.m.s deviations

Bond lengths (A) 0.0049 0.0058

Bond angles (°) 0.9345 0.9361

PDB accession code 4U9D 4U9E




Table S4. Previously published pNPA hydrolysis activities of various proteinaceous and
non-proteinaceous catalysts for comparison.

kcat/KM kZ
Catalyst/Enzyme pK, pH ' Ref
(G I B I G Vi)

CAI 7.3 9.0 370 - (51
CAll 6.8 9.0 2320 - (&)
[12]aneN; 7.3 8.2 - 0.041 (52)
[12]aneNy 7.9 9.3 - 0.1 (25)
[15]aneN;0, 8.8 - 0.6" (53)
[12]aneN4 hexadecyl derivative 7.56 10.5 - 5 (54)
PZD2 7.0 2.7 - (55)
tris(4,5-di-n-propyl-2-imidazolyl) 87 ) 0.86 (56)
phosphine
[Hg(II)]S[Zn(II)((I){I){;)]N(TRIL9CL23 38 95 233(3) ) (13)
9.0 17.6(3) -
[Zn(IT)]N(TRIL23H);*" 9.0 9.0 14.1(3) - (13)
[Hg(ID]s[Zn(I)(OH)IN(CSL9PenL.2 nd 95 202) ) (13)
3H);N
MID1-zinc 8.2 9.0 660 - 18
8.0 62
Ac-IHIHIQI-CONH, 9.3 - (26)
10.3 360
Al04A B3 (C%RIDC] 9.0(2) 9.0 32(8) ] This
E86/H89/H100/A104) 10.0 120(20) work

1This value is from pH-dependent data.




Table S5. Dissociation constants for the Zn complexes of *'**“*’AB3 and #'*/T'AB3
variants. The values are the averages of two independent titrations. For representative

titrations, see Fig. S6 and Fig. S11.
Proteins K41 (nM) K42 (UM)
AlAB3 6.7 (0.5) 0.40 (0.19)
AIVGSTARS 14 (10) 0.39 (0.24)
AYTIS A3 36 (2) 1.62 (0.06)
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