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Experimental Methods

1. Cloning of the HasA,, Gene. A gene coding for full-length Yersinia pestis HasA (HasA,,)
was synthesized and sub-cloned into the pET11a expression vector by GenScript (Piscataway,
NJ). Silent mutations to introduce codons favored by Escherichia coli were engineered into the
HasA,, gene (/). Restriction sites Ndel and BamHI were introduced at the 5’ and 3’ ends of the
gene, respectively (Figure S7), to facilitate sub-cloning into the pET11a vector. The recombinant
plasmid harboring the HasA,, gene was then transformed into the E. coli BL21-GOLD (DE3)
competent cells (Stratagene, La Jolla, CA). A gene coding for truncated HasA,, (full-length — 12
residues) was constructed by appropriately placing a stop codon in the recombinant pET11a
plasmid harboring the gene coding for full-length HasA,, using the QuickChange mutagenesis
kit from Stratagene (La Jolla, CA). The oligonucleotides were synthesized by Integrated DNA
Technologies, Inc. and were used without further purification. The primers used were 5'-
GCCCCGATGGTTGATACGGTTTAAGTTGTTGATTGTCACGATATG-3' and 5'-
CATATCGTGACAATCAACAACTTAAACCGTATCAACCATCGGGGC-3'; the underlined
codons represent mismatches that introduce a stop codon after Val 193 (see Figure S7). The
mutation was confirmed by sequencing (ACGT, Inc., IL) and the recombinant DNA plasmid was
transformed into Escherichia coli BL21-GOLD (DE3) competent cells for subsequent protein

expression.

2. Protein Expression and Purification. HasA,, was expressed using previously described
methods and was isolated using a protocol reported for the purification of apo-HasA,, (2) with a
few modifications: supernatant from cell lysis was loaded onto a Q-sepharose Fast Flow column
(2.6 cm i.d. x 15 cm, GE Healthcare) pre-equilibrated with 20 mM Tris-HCI (pH 7.6) at 4 °C.

The column was then washed with 2 column volumes of the same buffer and the protein eluted
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with the same buffer using a linear NaCl gradient (0-400 mM). Fractions containing the HasAy,
protein, as determined by SDS-PAGE, were pooled and dialyzed against 50 mM sodium
phosphate buffer (pH 7.0) containing 900 mM ammonium sulfate before loading onto a Phenyl
Sepharose 6 Fast Flow (GE Healthcare) column (2.6 cm i.d. x 12 cm) pre-equilibrated with the
same buffer at 25 °C. The protein was eluted in stepwise manner: (a) 50 mM sodium
phosphate/750 mM ammonium sulfate (pH 7.0) was used to elute weakly bound proteins,
including holo-HasA,, and (b) a linear gradient of sodium phosphate (50 - 20 mM)/ammonium
sulfate (750-0 mM), pH 7.0, was used to elute apo-HasA,,. Fractions containing apoprotein were
pooled and concentrated to a volume of ~ 1 mL using 10 kDa molecular weight cut-off (MWCO)
Amicon ultracentrifuge filters (Millipore, MA) before loading onto a Sephadex G-75 (2.6 cm i.d.
x 90 cm, GE Healthcare) size exclusion column pre-equilibrated and eluted with sodium

phosphate (u = 0.1, pH 7.8) buffer.

Apo-HasA,, purified to homogeneity was analyzed by electrospray ionization mass
spectrometry. The mass spectra indicated that the full-length protein is cleaved at the C-terminus
during purification, with the shortest protein corresponding to full-length — 12 residues, not
including the initiator Met (Figure S8-A). A stop codon was introduced after Val-193 (see
above) to express truncated apo-HasAy, consisting of full-length — 12 residues (FL-12). The
mass spectrum (Figure S8-B) shows that FL-12, devoid of the initial initiator Met, can be
purified to homogeneity. To prepare holo-HasA,,, a solution of apo-HasA,, (FL-12) in sodium
phosphate buffer (un = 0.1, pH 7.8) was titrated with a solution of hemin (1 mM) in dimethyl
sulfoxide. The resultant solution was incubated overnight at 4 °C, concentrated to ~ 1 mL using
10 kba MWCO Amicon ultracentrifuge filters and loaded onto a Sephadex G-75 (2.6 cm i.d., x
90 cm) size exclusion column pre-equilibrated and eluted with sodium phosphate (un = 0.1, pH

7.8) buffer. The homogeneity of the protein was assessed by SDS-PAGE and mass spectrometry.



The UV-Vis spectrum of HasA,, (Figure S9) exhibits a Soret maximum at 403 nm (g403 = 116.8

mM' cm™) and bands at 498, 535 and 620 nm.

3. Crystallization. The experiments were carried out with apo- and holo-HasAy, (FL-12) using
the sitting drop vapor diffusion method and Compact Jr. Crystallization plates (Emerald
BioSystems). Equal volumes (0.75 puL) of protein and crystallization solution were mixed and

equilibrated against 75 pL of reservoir solution.

Apo-HasA,,. Crystals showing tetragonal morphology were obtained within one week from a
solution of apo-HasA,, (63 mg/mL) in sodium phosphate buffer (u = 0.1, pH 7.8) and the Index
HT screen (Hampton Research) condition H2 (0.2 M potassium sodium tartarate tetrahydrate,
20% (w/v) PEG 3350). These crystals were cryo-protected by transferring to a solution
containing 80% crystallization solution and 20% (v/v) PEG 400 for approximately 30 s before
freezing in liquid nitrogen. Crystals with hexagonal morphology were obtained upon mixing the
same protein solution with the Index HT screen (Hampton Research) condition C9 (1.1 M
sodium malonate pH 7.0, 0.1 HEPES pH 7.0 and 0.5% (v/v) Jeffamine ED-2001 pH 7.0). These
crystals were transferred to a solution containing 80% crystallization solution and 20% (v/v)

PEG 400 for approximately 30 s before freezing in liquid nitrogen.

Holo-HasA,,. A cluster of thin needles grew within 3-4 days from 32 mg/mL holo-HasA,, in
sodium phosphate buffer (u = 0.1, pH 7.8) and the Wizard III screen (Emerald BioSystems)
condition 3 (20% (w/v) PEG 3350, 200 mM magnesium formate dihydrate). These crystals
diffracted to low resolution. Therefore, refinement of the crystallization conditions was carried
out using the pHat Buffer (Emerald Biosystems) screen. Thick, needle like crystals were
obtained within 1-2 days using pHat Buffer Screen condition C10 (0.5 M CHES/ NaOH, pH

8.8). The crystals were cryo-protected by transferring to a solution containing 80%



crystallization solution and 20% DMSO for approximately 30 s prior to freezing in liquid

nitrogen.

4. X-ray Data Collection, Structure Solution and Refinement. Data for apo-HasA,,, apo-
HasA,,"* and holo-HasA,, were collected at 100 K at the Advanced Photon Source (APS)
IMCA-CAT, beamline 17-ID using a Dectris Pilatus 6M pixel array detector. The diffraction
data were integrated with XDS (3) via the XDSAPP (4) interface and the Laue class and data
scaling were performed with Aimless (5). Structure solution of the apo-protein was obtained by
molecular replacement with Phaser (6) via the Phenix (7) interface using the holo-HasAgy
structure (PDB: 1DKO) as a search model. Automated model building and structure refinement
was conducted using Phenix and manual model building was carried out with Coot (8). The final

t

apo-HasA,,* structure was used as the search model for subsequent molecular replacement
searches for the apo-HasA,," and holo-HasA,, data. Crystals of apo-HasA,, were indexed in
a tetragonal P lattice with the most probable Laue class 4/mmm and space groups P4,2,2 or
P452,2. Molecular replacement searches were conducted in all space groups with 422 point
symmetry and the top solution was obtained in P4,2,2 with one molecule in the asymmetric
unit.The model was refined with anisotropic atomic displacement parameters for all atoms. A
sodium ion was modeled near the C-terminus which is coordinated to the backbone carbonyls of
L172, A175 and F169. For apo-HasA,,"" the crystals were indexed in a hexagonal lattice P with
the most probable Laue class 6/m and space group P6s;. Indeed, the top molecular replacement
solution was obtained in P63 although space groups with 6 point symmetry were tested. The
electron density maps contained features consistent with a tris molecule (from the buffer) on a
crystallographic 3-fold as well as four malonate and three polyethylene glycol (PEG) molecules
(from crystallization solution). TLS refinement (9) was incorporated in the latter stages of

structure refinement. Holo-HasAy, crystals were indexed in a C-centered lattice (space group

C2). Molecular replacement was conducted in this space group searching for 10 molecules in the

6



asymmetric unit which were positioned by Phaser. Following subsequent rounds of refinement,
large difference electron density peaks (F,-F.) greater than 30 were observed on the distal sites
of the heme molecules. These sites were originally assigned as water molecules, however
residual positive electron density above the 30 contour level was observed around these water
molecules following refinement. Chloride ions were ultimately assigned at these sites based on
the electron density, the coordination environment (positively charged Arg residues) and
expected non-bonded distances to the heme Fe-atoms (/0). The average distance between the CI’
and heme-Fe atoms is 2.82 A. Table S1 summarizes the crystallographic details for the three

refined structures.

5. Spontaneous cleaving of the C-terminus in FL-12. Mass spectral analysis of apo-FL-12
stored at -20 °C for several months showed that FL-12 had been cleaved predominantly at
Ser183, producing a protein that corresponds to full-length minus 21 residues (FL-21).
Additional investigation showed that apo-FL-12 is nearly quantitatively converted to apo-FL-21
upon incubation at 4 °C for a week. In comparison, holo-FL-12 is stable to C-terminal cleavage
even if the protein is incubated at 4 °C for two weeks. These observations, which indicate that
the apo-FL-12 protein has a propensity to undergo relatively slow additional cleavage of its C
terminal domain to produce apo-FL-21, prompted us to carry out mass spectrometric analysis of
protein in the single crystals obtained from the wells that produced the samples used for X-ray
diffraction. Consistent with the observations in solution, it was found that apo-FL-12 obtained
from the single crystals was cleaved at Ser185 (FL-21), whereas holo-FL-12 obtained from the
corresponding single crystals remained as the FL-12 protein. These observations are in
agreement with reports indicating that HasA,, secreted to the extracellular environment undergo

proteolytic cleavage of their C-termini that remove the last 15-21 amino acids (/7).



6. Spectroscopic and kinetic analyses of HasA,,. EPR spectra of holo-HasA,, were measured
on a Bruker E500 X-band EPR spectrometer with a dual mode cavity and a helium-flow cryostat
(ESR 900, Oxford Instruments, Inc.). Resonance Raman (RR) spectra were recorded with a 413
nm excitation from a krypton laser (Innova 302, Coherent) using a McPherson 2061/207
spectrograph and a Kaiser Optic supernotch filter to attenuate the Rayleigh scattering. The
samples were kept at 110 K with a liquid-nitrogen coldfinger and probed in a backscattering
geometry. Frequency calibration was executed with aspirin and is accurate to = 1cm™. Although
fluoride binding to holo-HasA,, is supported by subtle but significant changes in the electronic
absorption spectra, attempts to detect iron(Ill)-chloride, iron(Ill)-fluoride, or iron(III)-OH
stretching frequencies in the RR spectra were unsuccessful. Stopped-flow experiments were
performed as previously (/2), with an SX20 apparatus (Applied Photophysics) equilibrated at 4
°C. Hemin was dissolved in 10 mM NaOH while the apoprotein was diluted in 200 mM HEPES
pH 7.8; excess solutions were recovered from the stopped-flow to confirm the concentration of

the reactants.
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Figure S1. Full-length HasA sequences aligned against the sequence of HasA from Yersinia
pestis. Residue 32 (H or Q) is highlighted by (#) and proximal loop residues Tyr75 and His83 are
highlighted by (*). A horizontal line above the sequence highlights residues comprising the
distal loop. Conserved residues across the alignment are in red, conservative substitutions in
green and semi-conservative substitutions in blue; sequence numbering is according to the

Yersinia pestis sequence.
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Figure S2. (A) Crystal structure of apo-HasAypheX. Molecule A is shown in light blue and
molecule B in cyan. In both molecules the Tyr75 loop is in yellow with Tyr75 and His81
rendered in sticks and the GIn32 loop is in magenta with GIn32 in sticks. (B) Superimposed
crystal structures of apo-HasA,,"®" (coral), apo-HasA,"* chain A (blue) and apo-HasA,,"™ chain
B (cyan). Residues Ser2 to Aspl80 from the three structures were used to calculate RMSD
values using the secondary structure matching algorithm in the program Superpose (/3) via the
CCP4 (14) interface.
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Figure S3. Superimposed crystal structures of: (A) apo-HasA, (PDB: 3MOK) and apo-HasA,
(B) holo-HasA, (PDB: 3ELL) and holo-HasA,,. The Q32 loop of HasA,, is shown in green, and
the H32 loop of HasA, in orange, with the three extra residues (S*'N**T*) highlighted in blue.
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Figure S4:
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X-band EPR spectrum of holo-HasA,, at 300 uM. Experimental conditions: 1 mW microwave
power, 10 G modulation amplitude, sample temperature 6.7 K; g values of rhombic high-spin

ferric heme signals are given.
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RR spectrum of holo-HasAy, at 300 uM. Experimental conditions: 413 nm excitation (20 mW),

7 em™ resolution, sample temperature 110 K; prominent porphyrin skeletal modes supporting the
6-coordinate high-spin configuration and the two vinyl stretching modes are labeled.
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Figure S5. Top view of the hemin-binding pocket. Residues that form a hydrophobic (sticky)
platform for macrocycle capture onto the Y75 loop and residues that interact with hemin
propionates are highlighted in sphere rendering. (A) holo-HasAyy, (PDB: 1B2Y) (B) holo-HasA,
(PDB: 3ELL) and holo-HasA,,.
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Figure S6: Stopped-flow absorption spectra obtained upon reacting 5 uM hemin with 30 uM
apo-HasAy, at 4 °C (red trace, 1 ms; grey traces, 2 to 19 ms; back trace, 20 ms). The capture of
hemin and formation of holo-HasA,, is completed within the millisecond mixing time of the

instrument.
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Ndel
5-CATATG TCT ACC ACC ATC CAA TAC AAC AGC AAC TAT GCG GAC TAC TCT ATC TCC TCG
M S T T | Q Y N S N Y A D Y S | S S
1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18

TAC CTG CGT GAA TGG GCAAAC AAC TTC GGC GAT ATT GAT CAG GCG CCG GCC GAA ACG
Y L R E w A N N F G D | D Q A P A E T
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 3 36 37

AAA GAC CGTGGC TCA TTT TCG GGT AGC TCT ACC CTG TTC AGC GGC ACG CAA TAT GCA
K D R G S F S G S S T L F S G T Q Y A
38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56

ATT GGT AGT TCC CAT TCT AAC CCG GAA GGC ATG ATC GCT GAA GGT GAT CTG AAATAC
I G S S H S N P E G M | A E G D L K'Y
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75

TCT TTT ATG CCG CAG CAT ACC TTC CAC GGC CAG ATC GAT ACG CTG CAATTT GGT AAA
S F M P Q H T F H G Q I D T L Q F G K
76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94

GAC CTG GCA ACC AAT GCT GGC GGT CCG AGT GCA GGC AAA CAC CTG GAA AAAATT GAT
D L A T N A G G P S A G K H L E K | D
95 9% 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113

ATC ACG TTT AAC GAACTG GAT CTG AGC GGC GAA TTC GAC AGC GGT AAATCT ATG ACC
I T F N E L D L S G E F D S G K 8§ M T
114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132

GAA AAT CAT CAG GGT GAT ATG CAC AAAAGC GTC CGC GGCCTG ATG AAA GGT AAC CCG
E N H Q G D M H K S \ R G L M K G N P
133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151

GAC CCGATG CTG GAA GTG ATG AAA GCC AAAGGC ATT AAT GTT GAT ACC GCG TTC AAA
D P M L E vV M K A K G | N \ D T A F K
152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170

GAC CTG AGT ATC GCC TCC CAATAT CCG GAT TCA GGT TAC ATG TCG GAC GCC CCG ATG

D L S I A S Q Y P D S G Y M S D A P M
171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 188 189
Bam HI

GTT GAT ACG GTT GGTGTT GTT GAT TGT CAC GATATG CTG CTG GCT GCC TAA GGATCC-3'
\ D T \ G VvV VvV D C H D M L L A A -
190 191 192 193 194 195 196 197 198 199 200 201 202 203 204 205
A

Figure S7. DNA and corresponding amino acid sequence of full-length HasA,,. Ndel and
BamHI restriction endonuclease sites were introduced at the 5’ and 3’ end for sub-cloning. The
carrot symbol (*) indicates the place where a stop codon was introduced to express full length
minus 12 residues (FL — 12) HasAy,.
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Figure S8. (A) Mass spectroscopic analysis of protein obtained upon expression and purification
of full-length apo-HasA,, (expected MW = 22,099 Da) indicated that the protein is cleaved at the
C-terminus, with the shortest protein corresponding to full-length — 12 (FL-12) residues, not
including the initiator methionine. (B) Mass spectroscopic analysis of protein obtained upon
expression and purification of FL-12 apo-HasA,, showed that the truncated protein devoid of the
initiator methionine (expected MW = 20,874 Da) can be purified to homogeneity (experimental
MW =20,873).
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Figure S9. Electronic absorption spectrum of heme-reconstituted holo-HasA,,.
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Table S1. Crystallographic data for HasA,, structures

Apo-HasA ' Apo-HasA ">
Data Collection
Unit-cell parameters (A, °) a=70.34, c=74.84 a=75.07, c=129.30
Space group P4,2,2 Po6;
Resolution (A)' 41.42-1.10 45.83-1.60
(1.12-1.10) (1.63-1.60)
Wavelength (A) 1.0000 1.0000
Temperature (K) 100 100
Observed reflections 638,353 552,152
Unique reflections 76,552 54,313
<llo(l)>' 21.8 (2.9) 18.2 (2.1)
Completeness (%)" 100 (100) 100 (100)
Multiplicity’ 8.3(8.2) 10.2 (10.3)
Rinerge (%) "7 4.2 (75.5) 7.6 (1.257)
Rineas (%) 4.5 (80.5) 8.1(1.323)
Riyim (%) 1.5 (27.6) 2.5(41.2)
CCyp"? 1.000 (0.802) 0.999 (0.688)
Refinement
Resolution (A) 33.04-1.10 37.54-1.60
Reflections (working/test) 72,634 /3,844 51,507 /2,761
Riactor / Riree (%)’ 13.9/14.6 16.1/19.0
No. of atoms 1,458/-/220 2,754 /- /259
(Protein/Heme/W ater)
Model Quality
R.m.s deviations
Bond lengths (A) 0.010 0.009
Bond angles (°) 1.214 1.046
Average B-factor (A%)
All Atoms 16.9 259
Protein 15.2 25.1
Heme - -
Water 28.5 324
Coordinate error, 0.08 0.16
maximum likelihood (A)
Ramachandran Plot
Most favored (%) 98.45 98.35
Additionally allowed (%) 1.55 1.38

Holo-HasA,,

a=139.40,
b=69.56,
¢=232.30, =100.1
2

47.05-2.20
(2.24-2.20)
1.0000

100
379,425
109,337
9.9 (2.0)

98.2 (97.7)
3.5(3.6)
8.7 (66.8)
10.3 (78.4)
5.5 (40.8)

0.996 (0.686)

38.62-2.20
103,819 /5,497
16.6/22.3
13,624 /430 /720

0.012
1.158

31.8
31.6
354
33.7
0.29

98.08
1.92

1)
2)

3)

4)

Values in parenthesis are for the highest resolution shell.

Ruerge = ZpiiZi |Li(hkl) - <I(hkl)>| | Z)Z; I,(hkl), where I(hkl) is the intensity

measured for the ith reflection and </(hkl)> is the average intensity of all reflections with indices hkl.
Riactor = Zpia || Fovs (ML) | - |Fearc (hkD) || / Zpia|Fobs (hkD)|; Rfree is calculated in an

identical manner using 5% of randomly selected reflections that were not included in the refinement.

Rineas = redundancy-independent (multiplicity-weighted) Rumerge(3, 19). Rpim = precision-indicating (multiplicity-weighted) Rueree(16, 17).

CC,, is the correlation coefficient of the mean intensities between two random half-sets of data (18, 19).
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