Supplementary Information: Unevolved De Novo Proteins Have Innate Tendencies
to Bind Transition Metals

Protein Sequence Information:

Table S1. Amino acid Sequences of 52 well expressed Naive Metal Binders (NMB) proteins. The controls
S-842, 5-824-HC, and S-824-HZ are also included. All proteins are 102 amino acids long. The four designed
o-helices have combinatorial sequences of polar and nonpolar residues, while regions at the ends of the
helices are constant. Sequences are presented in the following format: For S824, M is the first residue, G is
the 51¢, G is the 52" and R is the 10274, Conserved regions are underlined, deliberate mutations are colored
red. The combinatorial assembly of the library is imperfect so some of the tested proteins are slightly
different than designed - these errors are indicated in blue.

PROTEIN AMINO ACID SEQUENCE
S-824 MYGKLNDLLEDLQEVLKNLHKNWHGGKDNLHDVDNHLQONVIEDIHDFMQGG
GSGGKLQEMMKEFQQVLDELNNHLQGGKHTVHHIEQNIKEIFHHLEELVHR
S-824 - HC MYGKLNDLLEDLQEVLKNLQKNWHGGKDNLHDVDNKLQONVIEDIQDFMQGG
GSGGKLQEMMKEFQQVLDELNNHLQGGKNTVHHIEQNIKEIFKQLEELVHR
S-824 - HZ MYGKLNDLLEDLQEVLKNLQKNWGGGKDNLKDVDNKLONVIEDIQDFMQGG
GSGGKLQEMMKEFQQVLDELNNFLOGGKNTVKQIEQNIKEIFKQLEELVKR

NMB 1 MYGKLNKMIKNFQNMLQEFNKNWHQGEDNLHDLKKKMEQLVNDLENFMQOGG
EDRGKLQDVLKNMHE IMDQINNHLQSSQDTVHHFKEDLQELFKNLNHLVHR
NMB 2 MYGKLNQLMQELDKLVKHFHKNWHRHDNNL L DL.DHNLENMLHDLEDFMQGR
HRNGKLQNVLNHINDLLNQLDNHLQRSRKTVHHLNHHMODLLONLHNLVHR
NMB 3 MYVKLNDILNKLEHLLHELNKNWHRHGRNLHDLDHHLENF IDQFQHFMQOGK
RRKGKLQELLEHVNQILNQLHNHLQENDKTVHHI EDKLDEMLDHMEHLVHR
NMB 4 MYGKLNQFFEELHKIVDNLNKNWHRQNSNLHDIDKQLEEFLKNLKHFMQGN
SRDGKLQQLLEQLKQILDDIDNHLQDNDQTVHHLDQELQHMLNELNDLVHR
NMB 5 MYGKLNKMLKHMQELLKELDKNWHGERGNLHDIKHEMEQLFQHLKHFMQGH
SEKGKLQELMNKLNQI INKLDNHLQGDRGTVHHFNKHLNQFMDELNNLVHR
NMB 6 MYGKLNNIMDNMQHL I EKLHKNWHGDRRNLHDMKHQLENFMEQLQHFMQOGG
QONGGKLQDLLDQMHKFIQQLDNHLQREGDTVHHLHKQIHNVMDNFHHLVHR
NMB 7 MYGKLNQFMKDMQQOMIEEIHKNWHGRHRNLHDMKQQIHQLFNELEHFMQOGG
EGEGKLQELIKQIQQOMLNKFDNHLODERETVHHFEQDFHKI IHQLHHLVHR
NMB 8 MYGKLNKVLNQLDDVLNKFHKNWHRGRGNLHDMDHDFQEMLXQFDDFMOGN
NQEGKLQHLLEQLHELIEQMHNHLQONNSQTVHHIHQKLNHF I HXLNHLVHR
NMB 9 MYGKLNKMIHQMEEFLQELDKNWHGRKKNLHDLEDQLKHLLQHMEDFMQGK
DRKGKLODILNQFQHVLQOHLDNHLODDGHTVHHI KEHIDQLLNDLNNLVHR
NMB 10 MYGKLNKVLKNLEKLLEHIDKNWHRGGGNLHDI DHEMEKVLKQVIHEIENF
MQGRGKLQE IMNELQNILKNMDNHLQEKNNTVHHVEEEVEDL I EQLHHLVHR
NMB 11 MYGKLNEMVNQMKDMVDKINKNWHQGSKNLHDINHQIDQI IQDVEHFMQOGH
NENGKLQHLVHKMNELLDELHNHLQEDNHTVHHFEHQLQKLVDQLQHLVHR
NMB 12 MYGKLNE IMKQFKHLLDKLHKNWHGSQONLHDLQEHIKDLMDKMDNFMQGN
GNKGKLQHVLKNMHE IMDQINNHLQSSQDTVHHLDNKLKEI LQHLHHLVHR
NMB 13 MYGKLNDMFQKIHQLMEELDKNWHEWHONLHDLQQNFQQLFDQFDHFMQGS
NNHGKLQDILDHLKQFMNEFNNHLQEGGGTVHHVEQHFDEFFKKMKHLVHR
NMB 14 MYGKLNQLFHNLNE I VEDLNKNWHRESRHLHEFEDELHQLVKHFHHFMOGH
KNEGKLQDIVKQLDKLFRDLDNHLQRKDDTVHHLHHQLNKLLEQLDNLVHR
NMB 15 MYGKLNKMLHKIQQLLHDIDKNWHHEERNLHDLNQDLKDMLHENLQHFMQGR
EEGGKLQDLLKELDQMLEQLNNHLQSRNSTVHHLDQONLNKVMEQLQDLVHR
NMB 16 MYGKLNDMLHHMEDFMQELNKNWHNSGSNLHDLEEKVDNLMENVDNFMOGN
DNHGKLQHVVQKLQDVLNELDNHLQGNGHTVHHLHENQLEQIMKDLHENLVHR
NMB 17 MYGKLNKLLQQOMHKLFNNMNKNWHHRHRNLHDLQEQMQQILENFQODFMQGQ
KENGKLQHLLNKIKHFLEQLDNHLQRGEETVHHLQQEFKQLLNLHDNLVHR
NMB 18 MYGKLNELFEQIEDILKHMHKNWHKGQRNLHDLQEHLKQVINQLNHFMQGH
GGHGKLQQLLENLEHMFNQINNHLQEGEGTVHHVEKNVDKLLKQFQNLVHR
NMB 19 MYGKLNHLLDELQEMFHKMNKNWHGS SDNLHDMEEQFKHMI HDLHDFMQOGE
NHRGKLQELIQQLDKLMQQLHNHLQDQSQTVHHFDKHIDQFMNHFNHLVHR
NMB 20 MYGKLNQFVEEMNHI IHHINKNWHQRQSNLHDINHKLNQL I EQLDHFMQGE
NRKGKLQDVFQQOLNQLMKQLNNHLORGDOTVHHVKQQLEQVLQOQIHHLVHR
NMB 21 MYGKFNELIQQIEDLMKKINKNWHEKHRNLHDLNEELQQIMHQVONFMOGN

QREGKLQDIMDKMQONIFDQLHNHLQRSHQTVHHLHDNFEHLLHKVHHLVHR




NMB 22 MYGKLNKIMQQLEDLLKQLNKNWHGGGDNLHDLEEHLKHMLDNFHNFMQGK
EDSGKLODMLNNMDNLMNNVNNHLQQKQDTVHHLDKQFONIMEDLHHLVHR

NMB 23 MYGKLNKLMQQIQNIVHNMNKNWHEQSKNLHDIQKQLQHVMQHIQHFMQOGG
KNGGKLQEVLEQMDDLMEQLNNHLQSKSRTVHHVNDDVQNLLNQFHNLVHR
NMB 24 MYGKLNEVMNKLEHFLKNVDKNWHNKGRNLHDLEEQLKHMVDELDHFMQOGN
GRKGKLQQIMKQIENLLNELDNHLQODDRGTVHHLOHDFQONLIDNFHHLVHR
NMB 25 MYGKLNQLMKHMNDLLQKLDKNWHQHEENLHD I QHQLHQMMQHMQOHFMQGE
ODQGKLQHLIHQOMQOELLKNMDNHLQSNSHTVHHLDEEFQONMFNQLDNLVHR
NMB 26 MYGKLNDLLDHMNKLFDQLNKNWHONSGNLHDMEHQLEQLLQQLDDFMOGN
RENGKLQQIMNNVKNMINQINNHLONENWTVHHVODDLHKIFNEFQHLVHR
NMB 27 MYGKLNQFLEHFEQLLQQFHKNWHERHENLHDMNHHLEEL I HKMNHFMQOGR
NNGGKLQDLIHQOMQELLKNMDNHLQSNSHTVHHVNDQFNHVLNQLHHLVHR
NMB 28 MYGKLNNLLNHIDHIMHKIDKNWHSRGNNLHDVEEQMEKLLKELQNFMQGN
GERGKLONI IQELQQVLEKFNNHLQSDGETVHHFOQDIQQLFQQFEQLVHR
NMB 29 MYGKLNDVLQEVHQLLHKLDKNWHNGRDNLHDLQNNIHQF PNHLENFMOGN
GDSGKLOHLFKQLODLMOHMDNHLODKRDTVHHLEHE I KQFLKQLONLVHR
NMB 30 MYGKLNKMVHQLNELVEELHKNWHGHRGNLHDLKEDIQQLLNHLNDFMQGD
KDHGKLQQMLDDIHKMIQELNNHLQKENGTVHHLHKNLDHMFENLENLVHR
NMB 31 MYGKLNNLLQKMQDMINHLNKNWHSGRDNLHDMKKDMNQL FHOMNNFMOGN
REHGKLQDMLKEMHKLLHQFHNHLQSSEGTVHHVEQQLNNLLHDLDNLVHR
NMB 32 MYGKLNHMMQKFQELFKDLHKNWHEEKDNLHDFNQKLQEF I DHLENFMQOGQ
GRGGKLQELVKHLOKLLNEINNHLQOQQEDTVHHLNKQIDKMVNHIDDLVHR
NMB 33 MYGKLNNLLKQVEHVVKKVNKNWHREGRNLHDLQQONLNHLLKQVEHFMQGN
ODRGKLQOMLNEVEELLEKLHNHLOREDRTVHHVKEE I ONLVQQLQONLVHR
NMB 34 MYGKLNNLIQELKELMNNLDKNWHORGRNLHDMDENVKQL IONLDHFMQOGE
NRGGKLQEVLNQLNKVLKQVHNHLQSDDDTVHHIDQONVQNVFHENFKHLVHR
NMB 35 MYGKLNQMLNNFQNLVHEIDKNWHQQGRNLHDLHKNINQLFQDIEHFMQOGG
HGDGKLQOHMFEKLDQLIDQFNNHLOHQSNTVHHLHHQLDQFQOH I LNHIQHLVHR
NMB 36 MYGKLNNMIDNLDQLFEQFHKNWHERGENLHDIKEEVHQLFNQFHHFMQOGE
SDKGKLQDLIEHMDNI INQFNNHLQGKENTVHHLEHKVQNI INHVDHLVHR
NMB 37 MYGKLNDLLDHMNKLFDQLNKNWHONSGNLHDMEHQLEQLLQQLDDFMQOGN
RENGKLQQIMNNVKNMINQINNHLONENWTVHHVODDLHK I FNEFQHLVHR
NMB 38 MYGKLNELIEKMQHLINELDKNWHGDQGNLHDFEDNFQQLLNQIHHFMQGK
ERGGKLQQLLEQLDKMLHELNNHLQRERQTVHHLEQQLQELIHHLHDLVHR
NMB 39 MYGKLNNLIQELKELMNNLDKNWHORGRNLHDMDENVKQL IONLDHFMQOGE
NRGGKLQEVLNQLNKVLKQVHNHLQSDDDTVHHIDONVONVFHNFKHLVHR
NMB 40 MYGKLNDI INKLNKFMKQMNKNWHGRHSNLHDMKHQLENFMEQLQHFMQOGD
NGQGKLQELMKQINKLLNLHDNHLQEEERTVHHVQEQMNQVLNQLHNLVHR
NMB 41 MYGKLNHLLQELKKVLEHLNKNWHDGSDNLHDLHKDLQEVVQQMHDFMQGE
ENSGKLQELIKQIQQMLNKFDNHLODERDTVHHIHQONMEQIVHNIHHLVHR
NMB 42 MYGKLNKMMHELHQI FHKMDKNWHNNEQNLHDFKHKLHEFFQELEDFMQOGE
GDDGKLQHLLDNMEHMIDNLNNHLQSRNQTVHHI EQNVQDFLHHLQHLVHR
NMB 43 MYGKLNEFMQQVDKLLKKMDKNWHGGENNLHDMEHELDKLVDDVKDFMQGK
EGRGKLODLLEKLKQLIEHFDNHLORRGGTGHHFXHDFQONI IHHFHHLVHR
NMB 44 MYGKLNNMLNDIEHLLNEMHKNWHGHSRNLHDMNQDIKEIMDHLHENFMQGD
SHEGKLQONVFQEFEKVIKQFHNHLQKRQDTVHHLQDKFKQFLHEFDNLVHR
NMB 45 MYGKLNKMIKNFQNMLQEFNKNWHQGEDNLHDLKKKMEQLVNDLENFMQOGG
EDRGKLQDVLKNMHE IMDX INNHLQSSQDTVHHFKEDLQELFKNLNHLVHR
NMB 46 MYGKLNHLLKKLEHIMHDINKNWHQKDENLHDIDEELEQMMKHMHHFMQGH
SDDGKLQELMEEIKDVIDKLNNHLQDHRQTVHHLDNQVQOMLQHLDHLVHR
NMB 47 MYGKLNKVLHQLKELLDQLDKNWHRRHGNLHDIEDELHQLVKHFHHFMQGH
KNDGKLQDMLEKLNKMLQDMNNHLQDRKQTVHHVNNEMNDLLEQLQHLVHR
NMB 48 MYGKLNDLVKELNQILKEINKNWHGQGSNLHDLEQQOMHELLQQMDHFMOGK
KGGGKLQHFVKEMNELIKQMNNHLQRQERTVHHVEQDFQKLLQDLHHLVHR
NMB 49 MYGKLNQMLEQLHELMKHMNKNWHRRGGNLHDLEEELENILQKLHHFMQGE
NNEGKLQELIEQVQQLVHEIDNHLQEQRNTVHHLDEHIEQIVDNFNHLVHR
NMB 50 MYGKLNSMLNDIERLLNEMHKNWHGHSRNLHDVEKELHKFLKQVONFMOGG
KREGKLQDLVDELEQILEHLHNHLQQKGNTVHHLNDELKKLIDDMDNLVHR
NMB 51 MYGKLNQFIQELQHLLHELHKNWHDKEHNLHD IHHELDQFLNEVDHFMQGE
SHDGKLQNILKHMNHLIDQLNNHLQKESQTVHHVONQLKDFLNELONLVHR
NMB 52 MYGKLNQMMHKMDHLLQQLNKNWHERSGNLHEDIHDKLDNLVEELKHFMQGK

EHHGKLQDLLNQLENIMHKLNNHLQHKKSTVHHVONELEKMLQHLNNLVHR




Binding data for selected proteins

Table S2. Binding screen for 52 well expressed Naive Metal Binding (NMB) Proteins. The amount of de
novo protein that remained bound to the metalated bead after stringent washing was compared to the
amount initially loaded. Proteins were grouped into three classes: If 0-33% of the protein remained bound
to the bead, the protein was designated a weak binder (+); if 33-66% of the protein remained, it was classified
as a moderate metal binder (++); and if 66-100% remained bound, it was classified as a strong binder (+++).

Protein Co(II) Cu(1) Zn(II) Protein Co(II) Cu(ID) Zn(IT)
5-824 + - ++ NMB 26 + -+ +
S-824-HC + - - NMB 27 + o +
S-824-HZ - - - NMB 28 - + +
NMB 2 ++ + ++ NMB 30 + ++ +
NMB 3 ++ ++ NMB 31 + + ++
NMB 4 ++ + NMB 32 + ++ ++
NMB 5 + + ++ NMB 33 + + ++
NMB 6 ++ - + NMB 34 + ++ ++
NMB 7 + ++ 5 NMB 35 ++ E
NMB 8§ + ++ + NMB 36 - ++ +
NMB 9 ++ ++ + NMB 37 + +
NMB 11 + + ++ NMB 39 - ++ ++
NMB 12 + - + NMB 40 + ++ +
NMB 13 + ++ ++ NMB 41 + ++ ++
NMB 14 ++ ++ n NMB 42 R -li
NMB 15 + - - NMB 43 . ++ e
NMB 16 + ++ + NMB 44 - ++ +
NMB 17 + - + NMB 45 + ++ +
NMB 18 + ++ + NMB 46 ++ ++ +
NMB 19 - ++ + NMB 47 + ++ +
NMB 20 + NMB 48 i ++ ++
NMB 22 + - + NMB 50 + ++ +
NMB 23 + ++ + NMB 51 ++ ++ +
NMB 24 + ++ + NMB 52 + ++ +

NMB 25 - ++ _




Table S3. Summary of ITC binding information from Table 1. This is compared with the binding strength

estimated from binding to the metalated beads. All binding curves are shown in Figure S2.

Protein | Metal ITC Dialysis Screen
AHapp -TASapp AGapp N Ka Napp Kd,app
(kJ/mol) | (kJ/mol) | (k]J/mol) (1M) (nM)
-7.36 £ -36.9 -44.3 1 0.020 =
Co(Il)* 0.3 0.007
225+ | 352 | 373 | 2 | 0278t | 15 700 .
0.27 0.01
S5-824 Cu(II) -13.3 £ -18.3 -31.6 2 1.45+ 1.5 700
2.2 0.82 -
Zn(1II) -33.5+ -1.75 -31.8 3 2.74 3 1000 4+
3.8 0.94
Co(II) -47.4 + 15.1 -31.5 1 217 + 2 700 -
7.0 0.89
NMB 39 Cu(II) -19.6 £ -13.1 -32.7 2 192 + 1 600 ++
2.1 0.82
Zn(1I) -44.5 + 11.2 -33.3 1.5 1.50 + 4 1000 4+
3.0 0.42
Co(I) - - - - - - - -
HisZero Cu(ID) _ - - - - - - _
Zn(II) -8.23 + -26.1 -34.4 1 0.961+ 1 1500 -
0.67 0.350

* 20 nMis near the Limit of Detection for ITC. This is the best fit of a two-site model, but
should be viewed as an estimate rather than a precise determination.



Apparent Dissociation Constant:
The dissociation constant (K;) for one site binding one metal describes the following system at
equilibrium

kq
[Metal]fee + [Receptor]ee 2 [Metal: Receptor]young 1)
k_y

With these, the K, of a single site is defined as the ratio of dissociation rate to association rate

_ E _ [Metal]free[Receptor]free _ [M]f[R]f

K= k, ~ [Metal: Receptorlpouna  [Rls @
Which can be written in terms of bound receptor ([R]p) and total receptor ([R]7)
[M]; (IR]r — [R]p)
K; = 3
d [R]B ( )
Which can be rewritten as
R M
[Rls _ M) "
[Rlr  Kq+[M];

Equation (5) is what is used to fit the K curve for a single binding site.

For multiple independent binding sites with somewhat overlapping affinity, as we find in our de novo
proteins, the observed binding is a linear combination of the contributing events. We denote the apparent
affinity across n similar binding sites K; 4p,,,, and define it as the average of all component dissociation
constants Ky ,,.

[M] ¢ ([R]T_[R]B,l)i[M]f ([R]T_[R]B,Z)L ) i[M]f ([R17-[R1pn)
K _ Kg1+Kga+-Kgn [RlB1 ' [Rlg 2 T [Rlgn
d,app — -

©)

n n

Because all receptors are on the same protein of concentration [R] and total metal is in equilibrium across
the system, the only additional variable is the metal bound to each receptor [R]p,. This can be rewritten
to mirror equation (4)

1([MIf[Rlr | [MIf[RlT [M]f[R]T) _
n( Rloxr | Rss T [RlBn Kaapp + M1y ©)
[Rlg1 + [R]lp2 + -+ [Rlan _ [M], @)
[R]T Kd,app + [M]f
[R]B,app _ [M]f

Ry Kawpp + M1, ®)

[R],app is the bound concentration measured in the experiment, and is the total bound across all sites.
Thus, the left-hand side of equation (8) is the “Bound Equivalents” y-axis in all equilibrium dialysis plots.
Equation (8) is what is used to fit the K}, 4,,,, curve for all de novo proteins.



Binding curves for selected proteins

Figure S1: Binding curves for all proteins characterized by equilibrium dialysis with Co?", Cu?, and Zn?".
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NMB20 - Zn?*
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Figure S2: Binding curves for all proteins characterized by ITC with Co?", Cu?, and Zn?". Raw data is presented at
the top while the fit curve is below. Tabluated below each figure is the protein and metal concentrations used, and
the determined affinity and thermodynamic terms, or the raw enthalpy of dilution for nonbinding events. Noise in
S5-824 binding copper is due to metal-mediated precipitation.
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Protein: 20uM S-824

Metal: 500uM Co(ll)

N;: 0.94 + 0.03

KD,1: 20 i 7 nM *

AH;: -7.36 + 0.3 ki/mol

-TAS;: -36.9 kJ/mol

| AG: -44.3 ki/mol

N;: 2.11 + 0.06

| Kp,»: 0.278 + 0.01 uM

AH;: -2.25 + 0.27 kJ/mol

-TAS;: -35.2 kJ/mol

| AG,: -37.3 ki/mol

* 20 nM is near the Limit of Detection for ITC. This is the best fit of a two-site model, but
should be viewed as an estimate rather than a precise determination.
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ITC noise at t > 29min is the metal-induced precipitation of the protein.

Protein: 10uM S-824 Metal: 250uM Cu(ll)

N:1.81 4+ 0.09 Kp: 0.853+ 0.442 uM

AH:-12.3 + 1.2 kJ/mol -TAS: -22.4 kJ/mol | AG: -34.7 kJ/mol
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Protein: 10uM S-824

Metal: 250uM Zn(ll)

N:3.02 +£0.20

Kp: 2.74 £+ 0.94 uM

AH: -33.5 + 3.8 kl/mol

-TAS: 1.75 kl/mol | AG: -31.8 kl/mol
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Protein: 10uM NMB 39

Metal: 250uM Co(ll)

N: 0.949+ 0.07

Kp: 2.17 + 0.89 pM

AH: -47.4 + 7.0 kl/mol

-TAS: 15.1 kl/mol | AG: -31.5 ki/mol
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Protein: 10uM NMB 39

Metal: 250uM Cu(ll)

N:2.05+0.10

Ko: 1.92 + 0.82 pM

AH: -19.6 £+ 2.1 kJ/mol

-TAS: -13.1 kJ/mol | AG: -32.7 ki/mol




AH (kJ/mol)

1 15 2 25 3 35 4 45
Molar Ratio

Protein: 10uM NMB 39

Metal: 250uM Zn(ll)

N: 1.51 £ 0.05

Kp: 1.50 £+ 0.42 uM

AH: -44.5 + 3.0 kl/mol

-TAS: 11.2 kl/mol | AG: -33.3 ki/mol
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Protein: 10uM HisZero ‘ Metal: 250uM Co(ll)

Raw Heat Average: -1.486 + 0.573 klJ/mol
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Protein: 10uM HisZero \ Metal: 100uM Cu(ll)

Raw Heat Average: -2.7706 + 1.2599 kJ/mol
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Protein: 10uM HisZero

Metal: 250uM Zn(ll)

N: 1.09 £ 0.05

Kp: 0.961+ 0.350 uM

AH: -8.23 + 0.665 kJ/mol

-TAS: -26.1 kJ/mol | AG: -34.4 kI/mol




Amino Acid Abundance-Affinity Correlation:
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Figure S3: Lack of correlation between the abundance of metal binding residues (His, Asp, or Glu) and the
observed binding to cobalt immobilized on a bead. The percentage of metal bound (i.e. remaining on the
bead after stringent washes) is on the x axis, and the number of potential metal-binding residues is on the y

axis.
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Figure S4: Lack of correlation between the abundance of metal binding residues (His, Asp, or Glu) and the
observed binding to copper immobilized on a bead. The percentage of metal bound (i.e. remaining on the
bead after stringent washes) is on the x axis, and the number of potential metal-binding residues is on the y

axis.
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Figure S5: Lack of correlation between the abundance of metal binding residues (His, Asp, or Glu) and the

observed binding to zinc immobilized on a bead. The percentage of metal bound (i.e. remaining on the bead

after stringent washes) is on the x axis, and the number of potential metal-binding residues is on the y axis.



