Molecular Modeling -- 2020
Lecture 22 -- Protein folding and
design and protein-protein
docking

Tuesday, April 14



First order of business:
term project



Why design proteins?

® Proteins can do anything!

® Protein-based drugs lack many of the
side-effect issues of small molecule
drugs.

® Proteins are immunogenic.
® Proteins are environmentally friendly.



Protein folding/ protein design
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Seguence space maps to structure
SPAcCe like this
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.. many-to-one.

Thus design 1s "easier" than prediction.



Short history of protein design

Site-directed mutagenesis, engineering (J. Wells, 1980's-90’s)
Coiled coils, helix bundles (DeGrado, 1980's-90's)

Binary patterning (Hecht, 1990°s)

Extreme protein stabilization (Mayo, 1990's)

Binding pocket design (Hellinga, 2000)

New fold design (Kuhlman & Baker, 2002-4)

Protein-protein interface design (Gray & Baker, 2004)

Open source protein design algorithm EGAD (Pokala, 2005)
Enzyme design (Baker, 2008)

Flexible backbone protein design (Kortemme, 2009)

Continuous rotamer design (Donald, 2012)



some amazing accomplishments in protein design

Proteins can be made super-stable

natural seq
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Malakauskas SM and Mayo SL (1998) “Design, Structure, and Stability of a
Hyperthermophilic Protein Variant.” Nature Struct. Biol., S, p.470.



some amazing accomplishments in protein design

Distinct conformational states can be stabilized.

aMf2 integrin l.domain in 2 conformations

2 crystal structures are known. They differ in the highlighted region.

Shimaoka et al designed sequences for each form, open and closed. The two designs
were shown to have different physiological properties.

Shimaoka, M., Shifman, J. M., Takagi, J., Mayo, S. L., Springer, T. A. (2000)
“Computational design of an integrin I domain stabilized in the high affinity
conformation.” Nature Struc. Biol.7(8), 674-678.



New folds have been designed

C G85
D78

New proteins can be designed that have never been seen
before. The designs are accurate (compare red and blue
above) and they are highly stable.

Kuhlman et al Science, v.302(5649), 1364-1368 (2003)



some amazing accomplishments in protein design

New binding sites can be
designed

Used to bind
arabinose, now it
binds seratonin.

Looger, L. L., Dwyer, M. A., Smith, J. J. & Hellinga, H. W.
Nature 423, 185-190 (2003).



rational design

Sequence patterning is often
enough to get the protein to fold.

(Kamtekar et al, Science, 1993)



All of these sequences fold to 4-helix bundle.
() Helix1 (}—F) Helix2 (—f) Helix3 (—) Helix4 ()

MGDLENLLEKFEQLIKGPDSGKLNHVVQELQELVQGPSGGKLEKNLLNDFEDLINGPRSGNVQQLLKKLQOMIQR B

. .EIEDLLQKLQELME.....KIQRKITEKVNELMQ. ... .DLENLINKLDDVMQ. ... . KMEDLIDDLHHLLN. F

. .DLKKIMDKVNMIME. ... .KFNHILKELKQIMN. ... . KLDHFMEEMNKFLK. ... .ELHDVLHKLHHVMD. G

. . EVQEVFKELEQLLK. .... ELNKMFEKVNNLFK. ... .KLEHVMEDFNDMVE. ... .KLKEFIQEMOHLLQ. I ,
. . DMKEVLKKLEQMLD. . ... NLQELMENVQDILD. ... .QLEEIMKNLENLLQ. ... .DIQNLIKEMONFLQ. K -
. . ELEEVFQKFEDLLK..... NIQNLVHEIHHFFN..... NFHEVVKELNKLMN. . ... KVRKQFMNQFQQMFK. N
. . KMENMIQELEQLLD.....HFQQLLNELHDIFN.....DLDKFLKELEELLK.....QVQQLLQQLRKNLIE. U

. . ELRQLLQELKEMVD. .... ELKNIMNQFQELLE. ... .QLKHLIEQLQQLLQ. ... . EVQNLVEQLONILH, Y
e s QIQQMLENLKELLK. .. .. HLEHLFEELQKIMH. ... .KFQQFFQQLEKFME. ... .DFRKFLRKNIDQIIN. 2Z

. . EFNEMLKEMHHFLE..... QFENVFNDMQKVLE. . ... KLKQMMDETHQMLQ.....QTHQLMNHFNQVLE. 8

. . NMDKMLEQILQKILQ..... EVHHLLEEFQELFE. ... . HVENLLKEMKKLVK. ... .DVONLLQQTEHVVQ. 10
. . KMKEVIQQLKHLLK.....QIKDVLQQFKOMIE..... KLEKMVEEFQQLIK. .. ..EIKHVVNKFQQLIH. 11!
. . KVEELFEEIEEIME.....EVQDLFEQLHHFML..... KMDHIMRKQLQKLLE. ....HLNKLFQKIEQLVK. 12
. . EFHEFVKNMQHLLK. . .. .NIQHFLHKIQQVLH. ... . ELDKVLHELKNLLE. ... . HMNQFLRQFEQVLQ. 13
. « EMEKFMERKMEEMIE..... DIHHVVKKMEDMFD..... KIDKLMEKVHEILN.....QFKEVFNQVHEILN. 15
. .DVEEVFEKMQEVFH. . .. .QVQQVLKKVNHMMK. . ... KLEELLEELNNMIH. ... .QLKQLLKDFDQMFQ. 16
. .ELDQLLQQVEDLLK. ... .KFHQLLEEMKELLN. .. .. ELEHLMQQFEHLLN. ... .QFKDMLKQLQELME. 17
« QLDEILEEIEQIMK..... NLDKFIQKIKEIMK.....QLDKMMNELQELMD. ... . HINQIFKELNQLLH. 24
. . QLNOMLQQVHQLLE. . .. .KLONLMQQVQQMLE. . ... KLEELMEKLQKLLH. . .. .QFQNLFHQLKQIME. 30
. .DIQHITHKIHQLVK..... HVQHIMHHMNHLFQ. ... . QMDEVLQEMQNMME. . .. . HVKNVFEEMONLIH. 49
. . EIDQVVQEMHKVLD. ....HLKNSMDQIQNIIQ.....NMENLLEQLEEIFK. ... .DLQKIVEDFDKMLN. 51
. .NLDELFEELKQMLE. ... .HIKDLMENLKQMLQ. .. .. ELEELFKEIEDLIK.....KLHQILQETEDLFN. 52
. .EVENILKQLKELVE. ... .NLKDLINQLKQLIE.....ELDHFLKQLKELLH.....QVKQIVHHIQHLFQ. 60
. .EMDNILDELDQMME. . .. .QINEFVHHLNEMFE. ....EIKQIIDEMDQLLE. ... .QIEHLIQKFEHLIH. 63
. . EFQEMLKEMEDLFH. .. ..ELEQLFEHIQEFFN..... KLDQLLEEVNDILT.....QLHELLQDMHHLVQ. 76
. . DLEDMLEHMONLLQ. ... . HMEQLLDKFQEVFE..... DMOKLINDVKEILN..... DFQNLLHQIHNVLD. 83
. « KLEKLMHQFQQLVQ..... DIKHIMNEMKHLVN..... ELENFLHNLEHLLH. ... .NVQKLVQDVQHLFN. 85
« « KINDLLEDIQEVLK. .. .. HLONVIEDIHDFMQ..... KLQEMMKEFQQVLD.....NIKEIFHHLEELVH. 86
MGHLEEILNEMQEMLDGPDSGQVKKILNELNQMLEGPSGGHMON IFRNLHKFLQGPRSGQVHQIFEKLHKFFHR 90

Polar residues Nonpolar residues

Kamtekar, Satwik, et al. "Protein design by binary patterning of polar and nonpolar amino acids." Science 262.5140 (1993): 1680-1685.



Computational design of sidechains
using Dead-End Elimination

1. Select positions for mutating.

2. Choose a palette of amino acids at those positions.

3. For all selected positions, all palette amino acids,
try all rotamers.

4. Chose the sequence whose rotamers give the
lowest energy.



rotamer libraries facilitate
protein design

Given the sequence and TN
only the backbone atom
coordinates, accurately

model the positions of the ~
sidechains. ,@ -

fine lines = true structure ﬁ
thick lines = side chain predictions
using the method of Desmet et al.

Side chain prediction using the Dead-End
Elimination algorithm

Desmet et al, Nature v.356, pp339-342 (1992)
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Folding pathway matters
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https://commons.wikimedia.org/wiki/File: ACBP MSM from Folding@home.tiff
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Efimov, A. V. (1997). Structural trees for protein superfamilies. Proteins: Structure, Function, and Bioinformatics, 28(2),

241-260.
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A. Efimov showed that
almost all protein
structures can be
classified as being one
of 7 trees, each
starting with a motif
and “growing” by one
secondary structure
unit at time.

Does this recapitulate
evolution? the folding
pathway?



Many proteins share common core structures (evolutionary cores)

Design tip to preserve
good folding: You
probably don't want to
change the structure
too much in its
evolutionary core.

Evolutionary core”
or maybe...
Folding intermediate”?
Maybe it's both.




The protein folding energy landscape: the folding funnel

Dead ends
are
misfolded
states.

Unfolded ——

energy

native state

late folding

Dill, K. A. (1999). Polymer principles and protein folding. Protein Science, 8(6), 1166-1180.

eqrly foldir

Garcia-Manyes, S., Dougan, L., Badilla, C. L., Bruji¢, J., & Fernandez, J. M. (2009). Direct observation of an ensemble
of stable collapsed states in the mechanical folding of ubiquitin. Proceedings of the National Academy of Sciences

Many paths
to the folded
state.



Requirements for folding are encoded in the
sequence history

THMS LRGX - AVY LMG)

Q5E940_BOVIN ~MPREDRATRESN YFLXII@LLDDEPKCEIVGADN VG K K 76
RLAO HUMAN —upnrnnm:geuﬂ?l.xn LDDYPKCFIVG. VGEK IRMS LRGX - AVY LMGK) 16
RLAO_ MOUSE ~MPREDRATWKSH YELK X IQLLDD¥PKCFIVGADN VGHK TRM5 LRGK - AVV LMG 3 76

RLAO_RAT -=-==-c-=-- MPREDRATWESK YELKXIQLLDDEPKCEIVGADN VGEK TRMS LRGK - AVY LMGK) 76
RLAO_CHICK ---======== unnﬁnnu.;s)wlmxn LDDYPKCEVVGADNVGRK TRMS LRGX - AVV LMGK| 76
RLAO_RANSY ---- ~MPREDRATRKSN YFLKXIQLLDD¥PKCEIVGADN VGEK TRMS LRGK - AVY LMGK] 76

Q72ZUG3_BRARE -~~~ “MPREDRATWESN YELKXIQLLDD¥PKCEIVGADN VGEK Im.sx.il:x-nvvum 8 76
RLAO ICTPU ---- -MPREDRATWKSN YELKITQLEND¥PKCEIVGADN VGEK ﬁ RGX - ATV LMGK RRAIRG] 76
RLAO DROME -------- -MVRENKAAWKAQ YFIKVVELEDEFPKCFIVGADN VGE K SLRGL-AVV LMG 76
RLAO _DICDY =====wwcunx MSGAG - SKREXLFIEXATKLETT ¥DKMIVAEADF VGBS IRXS IRG I - GAV LMGH 75

Q54LPO_DICDX MSGAG sxnﬁvrxnxnxhrﬂ KMIVAEADFYGHES IRXS TRG T - GAV LMGKEK BMIRKV IR 75
RLAO PLAFB -------—--- MAKLSKQOKXKQMYTEKLSSLIQQ¥SK ILIVHVONVGENGMAS VRX s LRGK - ALY LMGKEEF 76
RLAO_SULAC ----- MIGLAVITTKKIAKWKVDEVAELTEKLKTHKT ITIANIEGEP ADK LHE IRKK LRGX - AD IKY 19
RLAO_SULTO HRIMAVITQERKIAKWRIEEVKELEQK LREENT IXTANIEGFPADKLHDIRKKMRGM - AE TKY 80
RLAO_SULSO ----MKRLALALKQRKVASWKLEEVKELTBUIXNSNT ILIGNLEGFPADKLHE IRKK LRGK KV 80
RLAO_AERPE Hs"sLVGQNYKR!.KPIPI.:ETLNLRLLL EsKERVVLEADLT GEP pvv.nv!xx:.wxx ?I:MVA K: 86
RLAO_PYRAE -MMLATGKRRYVRTROEPARKVK IVSEATELLOK¥P YVELEDLHGLS RILHEHYRLIRY GVIKIIKP 85
RLAO_METAC ~----~ MAEERHHT EHIPQWEXDETENIKBLIQS ik vFGMVGIRG TLAT KMJX IRRD LEDV - AVL KVEN 13 18
RLAO METMA -----~- MAEERHHTEHIPQWEKDEIENIKBLIQS vmvnx:nmuz DLEDV - AVLKY R ;'l E RAL 18
RLAO_ARCFU ------ MAAVRES - - -PPERRVRAVEEIKRMISSKPVYALIVSERN VP AG :l EFRGK - RETRVVE 75
RLAO METKA MAVKAKGQPPSGYEPKVAEWKRREVKELKELMDERENVGLVDLEGIR AP IIAKL_I};RD.II R IALEEKLDER--PELE 88
RLAO METTH ---------=-=--- MAHVAEWKXK EVOELHDLIXGYEVVGIANLADIPA TLRDS - ALY LIS LALEKAGREL--ENYD 74
RLAO METTL ~HMITAESEHKIAPWRIEEVNKLXEBLLKNGQIVALVDMME ¥R A IRDKIR- G TeRATKE VABE TGNPEER 82
RLAO METVA ~MIDAKSEHKIAPR wr:vuu.xﬁz.xsuvmmml:vnnv IRDKIR-DQ tx VEEVABETGNPEFA 82
RLAO_METJA -------- METKVKAHYAPRRIEEVKTLKGLIKSKPVYATIVDMMDYP AP F IRDK IR-DKVKLR KEAABE LNNPKLA 81
RLAO_PYRAB ------=-==--—-= MAHYAEWKKKEVEELANLIKS §PV IALVDVSSMPAYPLS OMRRL IRENGGULRY ; IE LAIRK LEKPEL 17
RLAO_PYRHO - . -~MAHYAEWKKKEVEELAKLIKS PV TALVDYS SMP A YP LS QMRRL TRENGGLLRY 1E LATKKARKE LGKPEL 77
RLAO_PYRFU MAHYAEWKKKEVEELANLIKS ¥V VALVDYS SMPA YPLS OMRRL TRENNGLLRY XE LAXKK VAQE LGKPEL 17
RLAO_PYRKO ----=--=--=-==-- MAHVAEWKKKEVEELANTIKS¥PVIALYDVAGYP A YPLSKMRDK LR - GKALLRY LIELATKR LGQPEL 76
RLAO HALMA ----- MSAESERKTET IPEWKQEEVDAIVEMIES¥ESVGVVNIAGIR DLHET - Al»:l.l 79
RLAO_HALVO MSESEVRQTEVIPQWKREEVDELVDFIESYESVGYVGVAGIP Ii‘m-:m(cs ARVRM 19
RLAO HALSA ~----MSAEEQRYTEEVPEWERQEVAELVDLLETE¥DSVGYVNYTGIP mcx.uco AAL D 79
RLAO_THEAC ----=-=-==-==- MKE¥SQQKKE LYNE T IKRSRSIAI'D'AGIR TRGKNEGK - INLKV IKK D) 72
RLAO THEVO ~~~MRKINPK uvssmﬁnxsxavuvuxmvn Iiaxunnx VKIl;& r 12

N 12

SpeCieS P B M St | i AL [ lr i it St
sequence position

In protein design, we want to work within the

amino acid palette defined by millions of years of

evolution.
20



The protein folding
pathway must be
maintained

Design tip to preserve Designtip to preserve good |n protein design, we
good folding: You  folding: You probably don't  \yant to work within
orobably don't want = Wantcreate non-native . ,jing acid

folding intermediates. .
to change the Don't put a helix pattern palette defined by

structure too much in * \where it is supposed to be  Millions of years of
ItS eVO|UtiOnary core. sheet, and vice versa. evolution.

21



Exercise 22.1 -- manual docking

Download receptor 1TIM

Download ligand template 1F2X

Remove waters and other extraneous molecules.
~iX the receptor. Unfix the ligand.

Display as ribbons. Hide all atoms.
Select the ligand.

Dock using alt-middlemouse, shift-alt-middlemouse,
shift-middlemouse, and middlemouse dragging.

Done when you have maximized number of ligand/
receptor distances between 5A and 8A

22



The philosophy of expert
protein design

e Well-trained intuition is much faster
than a random search.

® There are many, many, many right
answers. We don't need the very best
one.

e No force field is perfect anyway. We
can't avoid the need for experimental
confirmation. (See Lecture 18)

23



Work on Homework 4

24



