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Abstract Block Covariance Overlap ENMs Fail to Produce MD-like

Recently, there have been many elastic network model (ENM) parametrizations

|
using molecular dynamics (MD) simulations. These simple, coarse-grained models  Compare collective motions - E |g enva I ue S peCt Tz
represent proteins as beads connected by harmonic springs. The motions of this e Full trajectory treated 0.6 -
system are then p.redlcted by normal. mpde ana}ysm. The.goal of thgse recent as gold-standard é} _ _ Simulation PCA Network model (HCA)
parametrizations is to use MD to optimize predicted motions. In this study, we hol : q h ¢ 0-5 o T T T T T T
optimize many ENM functional forms using a uniform dataset containing only W o.e trajectory compared to short O 50nS — 50ns — Stick
long MD simulations. Our results show that, across all models tested, residues COIltlg'.LIOUS blocks 04 r l 5§ 0371 100ns ——— 7 [ 100ns ——— ~
neighboring in sequence adopt spring constants that are orders of magnitude -Covariance vs. block length plotted % 2 §8822 e Eggﬂi e
stiffer than more distal contacts. We also show that fitting long trajectories does -Error shows standard deviation 229 | = 1605ns 1603ns o 2\ 2\
not improve ENM performance due to a problem inherent in all network models across all blocks of a given length © 0ol | S 0.2 1 25 rf‘i
tested: they underestimate the relative importance of the most concerted motions. -Overlap increases with sampling time | __, , BlockOverlap —— I N gj
Finally, we characterize ENMs' resilience to parametrization by tessellating the Romo & Grossfield, Proteins (2011), 79:23-34 0 100 200 300 400 500 600 700 800 é - 4 A ",
parameter space. Taken together our data reveals that choice of spring function Romo & Grossfield, JCTC (2011), 7:2464-72 Block Size (ns) S 01T &)
and parameters are not vital to the performance of a network model. L o

Elastic Network M Block Covariance Overlap AR R EREE
Qua ntiﬁes value Of ENMS e Spectrum shows COO;tI‘ibU_tiOH « ENM spectra irsl]groved by MD

e "Rotamer Toggle Switch"
-Aromatic residues in
ligand binding pocket

e Coarse-grained model, Ca resolution
e "Beads on springs"

. . . e How much simulation time needed before dominant motions of each mode to total motion parametrization (not shown) Tmoli . o
* Single harmonic potential: 5 -Left: spectrum of simulation PCA -Improvement is independent of b 1ce.1ted in activation .
are reproduced more accurately than ENM* . . . e Pack tightly around retinal
[J.. — k(R° R R© 2 -Right: spectrum from ENM simulation length used to fit ENM , . .
ij = k(R) (|1Ris] — |R;]) * Compare ENMs to us-scale MD — » Rhodopsin data shown (shown on right) » Are rotameric states correlated?  -Absent in opsin
. . -MD dei;alled, StatIStl?al. errors 06 - i . Signiﬁcance of lowest mode e ENMs underestimate low e Are other Changes associated ° AllOSter.lcall.y C.Ol’lﬂe.Cted to
o 1 Rij 1 RC -ENM simple, no statistical error ) . ) . ) . : with rotameric position? G protein blnd_lng site
k(R; j) =10 RS >R _Use covariance overlap ; increases with simulation time frequency contributions P '
Py = e -Intersection shows ° 1 ! -Similar to short MD

............................................................... _ Rotameric State of Toggle
Parameter Space is Robust Switch Residues

-k is a uniform spring constant
—R;?j minimum energy/starting structure

equivalent performance

Covariance Overlap
o
D
|
|

 Diagonalize Hessian Matrix e Test using MD of 3 GPCRs Block Overlap . . Covariance Overlap
-Yields eigenpairs e Rhodo Si% data shown 03T E)i_lp%i\gfllt?ael | ) V\.fldely.varymg parameters 0 01 0.2 03 04 0.5 * Two Simulations 180 st | e
.Eigenvalues describe frequency - All g s <h o S HE[;AI --------- yield high overlaps Red and blue data oo e rmg———
.Low frequencies — collective dynamics ’ HIO e( Sg 4(?7V)\7 aftSImiiﬂj; 0.2 r Constant:angthtEEigggggtzgl R i e Is performance robust to 14 -PDB ID: 3CAP %: 60 - 4t -
Fi i ' ' % overila ~U. alter 1n : : : ' ' ' ' ' . : c
Eigenvectors describe leeCt_lOD & . ENM ep Cvelent to 400 ng 0 100 200 300 400 500 600 700 800 changes in parameter space? * X, angle vs. time 5
Alternative Functional Forms cqulva Block Size (ns) -Tesselated parameters 12 * Rotamers long-lived =
Distance-dependent models — tighter coupling between nearby beads MD simulation -Overlap to full simulation 0 -Only 1-2 flips in 300 ns 0 100 200 300
Name Description Equation 5 o 1 -Flips appear correlated 180 , , e TR
—— .y . . [ 1 :R%<R, E N M RObu St tO C ross-va I |dat|0n  Results shown for 2 -Need statistics! — Trp 265 Tyr 268
eaviside Heaviside step function k(RS;) = 0 - ROJ - p ) d 8 =~ 60| 1 L _
Ay = e 0.6 w w "HCA parameters in "HCA" -Yellow bar: 180-200 ns =
Exponential Constant decays exponentially | k(R;;) = exp(—aRy;) e Fit ENMs with simulation = QIEA\FRHF"[ % N  e—TT -d (exponential Weight) 0 ° TTPZGS stable %_ - " ¥
) 5 | = 0.4 SEEEEE B B _ . . . _ i fon. = | X %
s o ) { a(R%)+b R <R, -All 3 in aggregate (black) B RHOD Fit 20_3 - B B B | g}cl(SWISChm% d}stqréce) X A ?a6me pf)SltllOItl, 1 180 R | [ * MR oS5 4
Istance dependent runction ) T e(Re)? RS >R, -Individually (key right) B CB? Fit s B B B -ohowed most significan ~1.0ps Simu Ei 101 0 1ooT_m20((?1 | 300 0 1ooT_m20(c:] ) 300
S . Bonded  Obtain new spring parameters So:- [N HEEE BEEN ;hangest n O&’GTIF;B] ; 5 -Opsin crysta e e
: Excplicit tivit L(RO) — o . : : -Parameters d = | /: an i
oporantial | Explicit connectivity (125;) { ¢ x exp(—dRg;) : Non — bonded Use parameters in ENM of other proteins O BAR RHOD  CB2 R, = [1:5] yield high overlap > 4 6 8 10 12 14 co ncom |ta ntm oveme nt Of
Constant: k1 : Bonds * Measure covariance Overlap between Sos . C OnStEXp R (A) 15 K296-EI113 | |
Constant;' Explicit connectivity k(R7) = ko : Angles that ENM and the full 1eﬂgth trajectory & oal NS BN BEERS © <14 | Lys 2 9 6
Exponential c X exp(—dR;;) :Non — bonded e All del £ imilar] e - B B B B r 813 ‘]‘ -
*Hinsen et al, Chem Phys (2000), 261: 25-37 hmo c15 periorin Elml all;ty . e‘ée? " B B B PI"OXI mal C(I COI‘Ita CtS StlffEI‘lEd g2 ¢ i 1+ Lys296 where retinal attaches
gttier?gu;;gghzir;gteeierfs oblainedirom =, I B B < 2500 ' ST — o it dict ?;” WWWMW 1* Interacts with Glu113 and Glul81
- - - < sooneniai 1053 | ® SPring stiffness vs. distance 210 | DT 1 - ivati
Accessing Collective Motions | " TpAR WD cez 520 N SRR prund cte o) contacts gl Proton transfer during activation
, , N Heaviside Exponential Const:Const:Exp 3 / L | . REACH(100 Angles —— . . . | | , .
e How well do ENMs reproduce dominant fluctuations of MD? SO°7 i .- T T s | £ 1500 T ", REACH(10K) Torsions ===, between residues neighboring 16 . e Lys296 moves away from both residues
. 1 > 04 R mme o . Ny = | EBE == . Ny = = == . + i . - . . .
e Covariance Overlap: C N N N 12 S Z: 77777777777777777777 =R B B B e B B B | 2 1000 / | _ in sequence 215 K296-E181 1 -Approx. 200 ns into simulation
DT EAR) —2) Y AN 6P SHs B B B s B B B s B B B a 3] R  Trend ubiquitous in literature 814l | -Yellow bar highlights 180-200 ns
QA s=1— 1 - T g éo_lk ,,,,,,,,,,,,,,,,,,,, I @ N = I @ = ] g 500 | e Results were similar across all §13 i 1 Distance between Ca's plOtted vs. time
! 0 2 0 | , models parametrized = | | -Distance increase when toggle
Z( )\;4 4 )‘iB) B.AR  RHOD  CB2 B.AR  RHOD  CB2 B.AR  RHOD  CB2 2 4 Digtance ?A) 10 12 P 312 M MW‘W ‘) rotamers switch orientation
« Compare ENM to MD | i ] - oM Akl 1+ Large scale change in helices
Eigenvalue weighted -Quantify similarity of modes Performance is Independent Conclusi O e
projection of eigenvectors -Scales [0:1] . . onciusions Time (ns)
-Considers magnitude of motions -1 1S complete overlap Of Traj eCtO ry Le n gth F |t * Network models are robust e« ENMs underrepresent the I t I H d t' I
as well as direction ‘01s completely orthogonal — e to changes in formalism significance of slowest motions nterna yaration increases
-Use inverse eigenvalue from ENM Hess, Phys Rev E (2000), 62, 8438-48 . ENMs fit to short MD -Strong connections between -Formalism that better reproduces
] ] S O Shor I e neighboring residues preferred the power spectrum might well  Water in hydrophobic core
All Models Perform Similarly TGompared tof | g 045 " |+ High quality predictions benefit from fitting only long MD Measured within 5 A of
0.6 ‘ ‘ W 1ef}gth Slm1.11a1§101’1 B can be obtained despite: * Wide range of spring constants transmembrane Ca's
e Overlap between ENM and MD -Split simulation into 3 -Spring Choice yield high covariance overlaps -Before: 17.8+£5.8 waters
_Used simulations of 3 class A GPCRs: contiguous blocks ¢ /| I T ] -Fitting a different molecule -Illustrates how ENMs robustly -After:  31.2+4.1 waters
-B, Adrenoreceptor (B,AR) - 1.02 us -Fit to each block & l : (only tested for GPCRs) predict relevant functional motions
Romo et al., Biophys J (2010), 98(1):76 -ENM overlap to full S -Length of trajectory used in fit e 3D histogram of
-Rhodopsin (RHOD) - 1.6 us simulation plotted S Heaviside —+—— water density
Grossfield et al., JMB (2008), 38(2):478 o RhOdOpSiIl 0.35 | Exponential ———— - Work done in LOOS (Lightweight Object Oriented Structure _Ovpsin starting structure
0 B.AR RHOD  CB2 -Cannabinoid Receptor 2 (CB2) - 1.8 us simulation shown HCA ——— oeoens,  @nalysis library), an open source C++ library designed and E p g
B Hooviside Hurst et al., JBC (2010), 285:17954 ) .ConstantEExponent!aI Y y maintained by the Grossfield lab. LOOS provides a concise, shown for reference
B Exponential  After fitting, more sophisticated * Change in ____ Constant:Constant:Exponential ——— P adaptable framework for designing analysis tools that Left: 20-180 ns
B HCA | formalisms Sljghﬂy outperform performance minor 25 50 100 250 500 1605 interfaces with native formats of most simulation packages. -Right: 210-390 ns
[] Constant:Exponential . t . 1 H . d f t htt . //1 f t E
B Constant:Constant:Exponential ypiCa eaviside 1unction Trajectory Length (ns) P: 00S.sourcetrorge.ne .




