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Why the Energy Landscape of
Barnase Is Hierarchical

Maya J. Pandya ', Stefanie Schiffers ', Andrea M. Hounslow, Nicola J. Baxter and
Mike P. Williamson *

Department of Molecular Biology and Biotechnology, Univeity of Shef eld, Shef eld, United Kingdom

We have used NMR and computational methods to characterizehie dynamics of the
ribonuclease barnase over a wide range of timescales in freend inhibitor-bound states.
Using temperature- and denaturant-dependent measuremerst of chemical shift, we
show that barnase undergoes frequent and highly populated inge bending. Using
relaxation dispersion, we characterize a slower and less gmulated motion with a rate of
750 200s 1, involving residues around the lip of the active site, whichccurs in both

free and bound states and therefore suggests conformationlaselection. Normal mode
calculations characterize correlated hinge bending motits on a very rapid timescale.
These three measurements are combined with previous measements and molecular
dynamics calculations on barnase to characterize its dynain landscape on timescales
from picoseconds to milliseconds and length scales from 0.1o 2.5nm. We show that
barnase has two different large-scale uctuations: one on aimescale of 10 ® 10 6

s that has no free energy barrier and is a hinge bending that idetermined by the
architecture of the protein; and one on a timescale of milleconds (i.e., 750 s 1) that
has a signi cant free energy barrier and starts from a partity hinge-bent conformation.
These two motions can be described as hierarchical, in thathe more highly populated
faster motion provides a platform for the slower (less proldale) motion. The implications
are discussed. The use of temperature and denaturant is suggsted as a simple and
general way to characterize motions on the intermediate nsss timescale.

Keywords: protein dynamics, nuclear magnetic resonance (NMR
dynamics, conformational selection, relaxation dispersion

), biophysics, structural biology, molecular

INTRODUCTION

It is generally accepted that the dynamic landscape of a protkat (s, the set of conformations
it can adopt, and the rates at which it can move between themjritical for its function
(Hammes-Schi er and Benkovic, 200@roteins all have to bind to other molecules, and thus in
general have a free (often called “open”) and a bound (oftélec&closed”) conformation{la
and Nussinov, 2000 Exchange between these two states can be stimulatedémnd liginding
[“induced t”: ( Sullivan and Holyoak, 20QBor can occur in the absence of ligand (“conformational
selection”), the latter of which appears to be more common fozyenes under physiological
conditions Beach et al., 2005; Eisenmesser et al., 2005; Boehr et(fl;, A@ksandrov and
Simonson, 201)) though often the detailed conformational changes appearetquire some
combination of these two extreme®kazaki and Takada, 2008; Zhuravlev and Papoian, 2010;
Williamson, 2011; Vogt and Di Cera, 2012
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The energy for protein motion in solution is thermal in Enzymes require a conformational change from a low-
origin (Frauenfelder et al., 20p9Thermal motion of the bulk activity ground state, approximately the ground state as seen
solvent leads to rapid local and uncorrelated motions in pige by crystallography or NMR, to a higher activity excited state,
on a femtosecond/picosecond timescalea(ienfelder et al., both to bind the substrate e ectively and shield it from water
2009. These very small and very rapid motions can lead t@and also to allow rapid movement of substrate and products
localized bond rotations, on picosecond/nanosecond timlesc  on and o the enzyme iflammes et al., 20)1These two states
Occasionally, these local motions are synchronous, Igathn are often equated to the free and bound states describedeabov
larger scale and slower correlated motioiliamson, 201).  although experimental veri cation is di cult. Even more urnear
It is important to recognize that even the slower transitionsis the extent to which enzyme motions might directly driveeth
still involve atomic movement on a rapid timescale; the moraeactants over the transition statégmmes et al., 2011; Glowacki
highly correlated motions just occur infrequently and with et al., 201}, a concept sometimes described as a promoting
low probability, and for that reason can be called “slower’vibration (Antoniou and Schwartz, 2011; Hay and Scrutton,
Such motions are dicult to characterize experimentally, 2012. In this paper, we do not characterize the chemical reaction
but can be described using molecular dynamics and othetself, and therefore do not consider the question of promgtin
computational techniquesdao et al., 2006; Ma and Nussinov, vibrations further.

2010; Ramanathan and Agarwal, 2)10ne such e cient Enzymes have evolved structures that enable them to
and informative technique is normal mode (elastic network)adopt di erent conformations linked to ligand binding. These
calculations Zhuravlev and Papoian, 20),Gn which the protein  conformational changes have been describedpeasmoting

is represented as a set of masses connected by harmonic springstions(Agarwal et al., 2002; Loveridge et al., 20Tiotions

and the resulting coupled di erential equations are solved tahat generate a reaction-ready or near-attack confornmatio
obtain low-frequency eigenmodes. Normal mode calculaion(Lightstone and Bruice, 19%after which the chemical reaction
present a more direct picture of domain movement than doitself occurs rapidly l(odola et al., 2007; Watt et al., 2007;
molecular dynamics simulations, because they are free frem Antoniou and Schwartz, 2011; Doshi et al.,, 201Note
random thermal motions. Such calculations are fast and lyide that these are quite dierent from the promoting vibrations
used Bahar et al., 20)Pand the motions have been shown to bediscussed above, which are much faster and directly push
largely determined by the architecture of the proteitin(iraviev  the substrate over the transition statélenzler-Wildman
and Papoian, 2010; Bahar et al., 20&xonclusion supported by et al. (2007) popularized the idea that several dierent
the conservation of exibility in homologsGagneé et al., 20)2 promoting motions could occuhierarchically with one motion

An examination of the lowest energy normal modes shows thatacilitating another. This is an attractive idea but it has yed

in agreement with the expectation above, they generally wevol di cult to study experimentally: in particular, experimental
movements of rigid domains around small hinge regions. techniques for characterizing intermediate rate motiomstbe

Most enzymes have catalytic turnover rates in the randge- 10 nanosecond/microsecond timescale have proved elusivege
10°s ! (Wolfenden and Snider, 20)Jand it is generally agreed et al., 2008; Hansen et al., 2009; McDonald et al., X(ttere
that these rates are determined not by the chemical reacéitsn is thus a gap in our current understanding: how can motions
itself but by the rate at which the enzyme structure alters t@mn the nanosecond scale “facilitate” conformational cresngn
allow substrate to bind and product to leaveg@rwal et al., 2002; the millisecond scale, roughly one million times slowed #mus
Hammes-Schi er and Benkovic, 2006; Williamson, 2DThus, what does it mean to describe two motions as hierarchical® Th
protein rearrangements at rates in the millisecond range araim of this paper is to characterize two di erent motions in
widely seen as crucial to enzyme function. This therefoagds a barnase; show how the faster one makes the slower one pgssible
big problem: how do the local uncorrelated uctuationsdesed and discuss the consequences, which provide a framework to
above, typically at £0s 1 or faster, get channeled into large- understand the ternmierarchical.
scale correlated uctuations occurring at around 1,008%Also, The ribonuclease barnase is a well-studied 12 kDa enzyme,
how are the dierent uctuationscoupled and how does one and is thus a good model system for studying the relationship
motion facilitate another? A typical answer from the literature between dynamics and function. Its catalytic mechanism,
is that “the solvent is coupled to the exible surface loopsfolding and ligand binding are well-characterized. There ar
which eventually transfer the kinetic energy to the actiite s a number of crystal structures of free barnase and of its
through the conserved network interactionRémanathan and complexes, in particular a high-resolution structure bound to
Agarwal, 201)L. Thisis ne as far as it goes, although the physicathe deoxynucleotide inhibitor d(CGAC)Buckle and Fersht,
mechanism for achieving it remains unclear, especially as ih9949, showing a small but well-de ned closure of the enzyme
some models, the network need not be composed of contiguowsound the inhibitor. There have been studies of its dynamic
residues lammes-Schi er and Benkovic, 2006; Wrabl et al.,carried out using molecular dynamics (MD\¢lde et al., 2002;
201). Giraldo et al., 2004: Zhuravleva et al., 20@nd using'®N and

methyl group NMR relaxation $ahu et al., 2000; Zhuravleva
— , o , et al., 200). These have shown that the enzyme has three rigid
Abbrewatpns:MD, moleculardynamlcs; RD, relaxe_\tlon d|sperS|o_n; C_PMG, Carr- hydrophobic cores, with the major motion being a hinge-benli
Purcell-Meiboom-Gill; CAPSID, Curvature of amide proton shifts ied by v .
denaturant; HSQC, Heteronuclear single-quantum correlation spezomg PDB,  Of the b-sheet, which lies across the center of the enzyme.
protein data bank; RMSD, root mean square deviation. Because the active site lies over the top oftiteheet, the hinge
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bending leads to a small closure of the active site loops dwer tdi erent from zero when the signs of (mean 2  standard
substrate. deviation) were the same, i.e., they did not span zero. Ring
Here we use two NMR techniques to probe the dynamicsurrent e ects from nucleotide binding oA®N chemical shifts
of barnase in more detail: a technique that we rst describedvere calculated from the crystal structure of barnase bound
several years ago, which involves measuring the eect @b d(CGAC), 1brn, using the progranotal (Williamson and
temperature on the chemical shift of amide groug8agter Asakura, 1998 Ring current intensity factors for nucleotides
et al., 1998; Williamson, 2003; Tunniclie et al., 20)0and were taken from Case, 1995In particular, we assume that the
is developed further here, and relaxation dispersion, whiching-currentinduced chemical shift change o nucleus is the
provides information on collective motions in the millisead same in ppm as that for a proton in the same locati@te(chard
range Korzhnev et al., 2004 We characterize two large- etal., 199).
scale motions in barnase. The higher frequency motion Relaxation dispersion (RD) experiments were carried out
is characterized using temperature-dependent shift changessing 1 mM °N-labeled barnase H102A, pH 5.8 in 50 mM
consists of hinge bending across thwsheet, occurring at a rate sodium acetate buer, 0.02% sodium azide, @5 Initial
faster than 10s 1, and is populated to at least 5%. The seconaxperiments were carried out in di erent bu ers, showing that
motion involves residues around the lip of the active site inphosphate binds in the active site and makes the magnitude
addition to theb-sheet hinge, is populated at any one time to noof relaxation dispersion pro les much smaller. Tris also gives
more than 2%, and occurs at a much slower rate of 7200s 1,  less satisfactory results. Varying the protein concerdrati
with a much larger free energy barrier. We show that the sdcongave no observable changes in chemical shifts or relaxation
motion isfacilitatedby the rst, in that it occurs most e ciently  rates, implying that barnase remains monomeric under these
from a partially hinge-closed state that is produced by the rs conditions. Experiments were carried out in Shigemi tubes
motion: the two motions are therefore categorized as highimal.  (CortecNet, Paris) to minimize experimental artifacts due t
Hence, we provide an unusually detailed description of twaonvection and evaporation, on Bruker Avance DRX 800
coupled hierarchical motions, with one facilitating the oththe  and DRX 600 spectrometers, the 600 being equipped with a
sum e ect of both motions is a conformational exchange frora th cryoprobe. Temperatures were calibrated using perdeuterated
open ground state to a closed local energy minimum, to gereramethanol Eindeisen et al., 200.72*N Carr-Purcell-Meiboom-

the reaction-ready closed conformation. Gill (CPMG) RD data were collected as describedria et al.,
1999, modi ed by duty-cycle heating compensation and a pre-

MATERIALS AND METHODS scan saturation sequencéiff and Zuiderweg, 2005; Long et al.,
2010. Interleaving of spectra at the scan level was tried but gave

Materials worse results. A series of 15 2D spectra was collected with the

Barnase H102A mutant was expressed Hscherichia coli CPMG eld ncpmg covering a range of 50 to 750 Hz, in random
strain M15 and puried using a two-stage ion exchangeorder, with repeat experiments performed at 300 and 500 Hz (at
chromatography protocol shown to produce protein free from600 MHz) or 400 Hz (at 800 MHz) and a reference spectrum
bound nucleotide Cio et al., 2009). The inhibitor d(CGAC) obtained by omitting the CPMG period in the pulse sequence and
was purchased from Metabion International AG (Martinsried, doubling the length of the compensation block. The relaxatio
Germany) and used without further puri cation. It was added delay, Tcpma, was 40 ms, and the recycle delay was 2.5s. To
to the protein to produce an 4.5-fold excess of ligand over reduce o -resonance e ects, spectra were obtained using two
protein. Given the dissociation constant of @™ under our  di erent 15N o sets for each delay.
conditions Cio et al., 2009), this represents essentially fully =~ Spectra were processed and analyzed using Topspin (Bruker
bound enzyme. Biospin) and FELIX. The e ective transverse relaxation refe,

was calculated for eaclzpmg value from cross-peak intensities:

NMR
Chemical shift assignments for free and bound barnase e d D 1 In Icpvc
were taken from BioMagResBank entries 16,169 and 16,171, Ro - cem Tepva lo

respectively. For the temperature dependence, shifts were

measured from 2D HSQC spectra everyC5rom 288 to 313K, wherencpme D 1/(2 cpmc) and cpmc is the delay between
and peak positions were picked manually in the program FELD$§uccessive refocusing pulses in the CPMG pulse ttaipmc is
(Felix NMR, Inc.) using in-house routines, and analyzed forthe peak intensity obtained with a given CPMG spacing kg
curvature by tting to a quadratic equation. The second-erd the intensity of a peak when the relaxation delay is omitted. 1
coe cient of the quadratic was used as the measure of cumeatu residues were excluded from the analysis because of owarlap
This procedure was repeated at guanidinium hydrochlorideveak intensity at one or both elds. RD data were tted to two-
concentrations ([Gdm]) of 0.4, 0.8, 1.2, and 1.6 M. The seeondsite exchange with the Levenberg-Marquardt non-lineastiea
order coe cients were then plotted as a function of [Gdm] and squares algorithm using the complete modi ed Bloch-McColhne
again tted to a quadratic. Residues for which the ts were poorequations Korzhnev et al., 2004; Demers and Mittermaier,
(as judged by eye and also by analysi$®f were discarded. 2009 by explicit numerical modeling, using theumpy and
The tting returned means and standard deviations of slopd an scipypython modules for the evaluation of matrix exponentials.
curvature for each residue. These were taken to be signilgan Residues were selected for tting when the magnitude of the

Frontiers in Molecular Biosciences | www.frontiersin.org 3 December 2018 | Volume 5 | Article 115


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Pandya et al. Hierarchical Motions in Barnase

dispersion, maxi§ )-min(RS ), was larger than 1.0 ¢ at both  two states at each temperature, which in general are not
elds (free barnase), which de ned residues 36, 39, 42, 83, 5known. These e ects mean that some residues that sample
58, 83, 85, 86, 101, and 106. Following trials that showed thalternative states show no apparent curvature. To remedy
all residues tted (within error) to a common exchange rate,this problem, we have shown that curvature is aected
data were tted simultaneously for all signalsofg et al., 2010  progressively by the addition of guanidinium hydrochloride
Residues 36, 39, 43, 56, and 58 were subsequently exclug€&dim), which destabilizes the ground state more than it
from the analysis because the errors in the tting as judgediestabilizes alternative statesu(iniclie et al., 200). This

by $2 values were too largedDémers and Mittermaier, 2009 makes the experiment a clearer guide to the presence of
Data were tted using dierent residues and xing dierent alternative states. Here, we have analyzed the change in
relaxation rates or exchange rates, to check for consigtencurvature in a new and more systematic way, described
in the tting. In the nal tting, Ry rates in the absence of below, which gives a much clearer and more reliable guide
exchange were assumed to be identical at both sites, but wece the locations of rapidly exchanging conformational
allowed to vary independently for each residue. Exchange wasates. For simplicity hereafter, we describe this techmiqu
shown to be close to the fast limit from the tted value of as Curvature of amide proton shifts induced by denaturant
the exchange rate, from the fact that the e ects weaken as tH€APSID).

temperature is raised, and from calculation of the exchardge r  We measured the temperature dependence of the chemical
parametera as described\(illet et al., 200} which has a value shift of amide protons in barnase over the range 288-313K,
of 1.6 0.1. Inthe nal tting, data were tted simultaneously and tted this to a quadratic equationy(D a C bx C cx)

for both eld strengths, using a common exchange rate andFigure 1). The curvature of the temperature dependence is given
population ratio (and thus common forward and back rates)by the tted value ofc. We then plottedc against [Gdm] for a

for all residues, andR, rates in the absence of exchange tharange of Gdm concentrations up to 1.6 M, which remains well-
were the same in both free and bound states, but di erent fobeneath the concentration required for denaturation of fese
each residue. Fits were also carried out by xing the on-@te (Clarke and Fersht, 19%3This plot makes the chemical shift

di erent values, or by xing the o -rate, to check for a robust curvature much more obvious, particularly when curvature in
search minimum. The optimized t (to all data at both eld the absence of Gdm is smalrigure 2). For most residues;
strengths) had &?2 value of 537, withR, experimental errors

estimated at 0.2 ¢ based on analysis of experimental errors.

This $2 value is rather large, implying the presence of some
systematic errors, likely the presence of additional slosharge 0.05{ o
processes for a small number of residues, as described iorsect [GdmHCI] i
Results. (M) SR R £ A |
. -0.05-
Computation 0.05]0.4
Normal modes were calculated from the PDB les 1a2p (molecule 0 ZH'I‘I\I T ETEE!CE EEE S
a) (Martin et al., 1999 and 1brn (molecule I) Buckle and
Fersht, 199\ [the highest resolution structures of free and E -0.051
d(CGAC)-bound barnase, respectively], using NOMAD-Re & 005os8
(Delarue and Sanejouand, 2002; Lindahl et al., podth the % 0 x/t’l—l“[\s b A "
default parameters (5 A distance weight parameter and 10 A = —_—
elastic network model cuto ), using all heavy atoms. Forteac 3 '0'.05_ T2
mode, the structural changes were rescaled to give an averag 2 ’
RMSD of 1.0 A over the full range. Structures were analyzed using « 0 ,I/I_H\E EEE R N 5 F
Pymol. -0.054
0.0511.6
RESULTS 0 /I}I'i‘t\x =L ¥ w
Fast Fluctuations Determined by -0.05+ G52 G53 D54
Temperature-Dependent Curvature SREEE SRS A SNSREE
A curved temperature dependence of NMR chemical shifts Temperature (K)
indicates the presence of one or more alternative states, o
exchanging faster than the chemical shift timesceléliamson FIGURE 1 | Temperature-dependent chemical shifts of Gly52, Gly53, ah
. o . ' .| Asp54 of barnase H102A at 5 intervals over the range 288-313K, and at
20_03’ Tunniclie et al., 2005; Mohan and Hosur, 2008; GdmHCI concentrations of 0, 0.4, 0.8, 1.2, and 1.6 M. The dataare for the
Srivastava and Chary, 201 However, curvature of temperature | complex of barnase with d(CGAC). Some missing data are due tpeak
dependence provides an unreliable guide to the locationoverlap. The linear temperature dependences (which are i region of 4.5
of alternative states, because the amount of curvature ijgopb/degree) have been subtracted to make the curvatures mor@bvious. The
. . . size of the error bars represents the approximate error in nasurement of peak
aected both by the chemical shift di erence between the position ( 0.0075 ppr).
two states, and by the free energy dierence between the
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FIGURE 2 | Temperature-dependent curvature for each residue plotte@gainst GdmHCI concentration, for free barnase. Note thatero curvature corresponds to a
at line through zero, near the top of each plot. The data for eah residue are tted to a parabola. For two residues (Val3 anddlL09) the data could not be tted
reliably. Some residues (for example Alall and Tyr78) havenaarkedly curved t, but the scatter in the data means that the ted curve is not signi cantly different
from zero (see section Materials and Methods). Other resids (for example Asn5 and Phe7) have ts that are close to zero,u on testing turn out to be signi cantly
different from zero.

is very close to zero, and there is no signi cant dependenctells us that the residue has a low-lying excited state, inith
of c on [Gdm] (as de ned in section Materials and Methods). 10 kJ mol® of the ground state \(/illiamson, 200} with
However, for 16 residues (from a total of 100 that could beahe sign of the change telling us the direction of the shift
followed across all spectra), a well-de ned dependence couldi erence.

be observed (residues 5, 7, 27, 28, 30, 51, 52, 54, 60, 71, 72Mleasurements were also carried out for barnase bound to
73, 74, 100, 101, and 102). The shapes of these dependertSGAC) (Figure 3. Of the 16 residues found to have Gdm
vary (concave, convex or at but non-zero): in general, adependence in free barnase (out of 110 residues total), 14
concave shape shows that the excited state has a chemical shifo have Gdm dependence in the bound state (all except 60
greater (down eld) than the ground state whereas a convernd 72). There are an additional two residues (53 and 85)
shape shows that the excited state has a smaller chemicdiserved in the bound state but not seen in the free state.
shift. Thus, a monotonic Gdm-dependent change in curvaturdhe close correspondence between the two sets of residues
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FIGURE 3 | Temperature-dependent curvature for each residue plotteéigainst GdmHCI concentration, for the complex of barnase wh d(CGAC). See legend for
Figure 2 for other details.

suggests that the rapid uctuation occurring in free barnaséMillisecond Motions in Free Barnase
is also occurring in bound barnase, in a very similar locatio Relaxation dispersion (RD) experiments were carried out at
We have no direct measure of the timescale of this uctuationa range of eld strengths and temperatures, with the best
except we can conclude that it is much faster thar? $0' data being obtained at 298 K. A number of residues show RD
(because it does not give rise to line broadening) and slowero les, indicating that they are involved in slow (millisewd)
than the processes observed by backbdaeh( et al., 2000 conformational exchange. Data for the resolved signalsvsitp
and methyl Zhuravleva et al., 20)7relaxation, which are the largest changes R are shown irFigure 4 The data at 600
10's 1. MHz have smaller errors than those at 800 MHz. When tted
The close similarity of the a ected residues in free and boundndividually to a standard two-state model, all residuesedt
states provides strong evidence that free and bound barmase do similar exchange rates, although with large errors; tiveye
sampling the same range of motion, and therefore that the rapitherefore constrained to t simultaneously to the same oJeral
low-energy uctuations in free and bound barnase cover adlsim exchange rate, which improves the reliability of the t. Ezolge
range of conformational states: in other words, both freel anis close to the fast limit, as indicated by gna > value of 1.6
bound barnase are capable of similar large-scale movements,0.1 (Millet et al., 2000 In this limit, tting at a single eld
implying similar shapes of energy landscape for free andtrength only provides a value for the produgimsl &2, where
bound. pa, ps are the fractional populations of the two exchanging states
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verve (Hz)

FIGURE 4 | Relaxation dispersion pro les for free barnase at 298 K. Datare shown for the six residues showing the largest measuradleffects. Five other residues
(36, 39, 43, 56, and 58) also have clear pro les at both elds, bu smaller than those shown here, while L14 is clearly exchargg but could not be measured
accurately because of overlap. These residues are shown omé protein structure inFigure 9 below. Experimental data are represented by red and blue ates at 600
and 800 MHz, respectively. Errors in measured relaxation tes are 0.7 s 1 at 600 MHz and 1.4 s 1 at 800 MHz.

and 1 & is the di erence in1®N chemical shift. Fitting at two

elds provides tighter limits, because& is proportional to eld 620: -
strength, although the poorer quality of data at 800 MHz limits | .
the reliability of the t (Kovrigin et al., 2005 Therefore, the data Vi L
. : 580 *
in Figure 4 were tted to a global exchange rate (the sum of |
on and o rates) and residue-speci ¢ values ofgsl &2, with 5404 * 4
the additional constraint that the value ohpg should be the o= .« @ @ e
same for all residues. As seenhigure 4, this assumption ts = = 10004 o ©
- ol '
the data reasonably well, giving a global exchange rate®f 75 °® good |
200 s 1, although the data for S85 (and possibly also F106) at .g" $ 60l s
800 MHz suggest an additional slower exchange process may|be g = c
a ecting these residues. The global exchange rate is the sum|o T 5 400 ! ! I I '
> 0 20 40 60 80 100

the forward and back rates, the back rate being much larggn th
the forward rate. The forward exchange rate obtained frois th forward rate (s)
analysis is 10 & (Figure 5, vertical dashed line), although it is
subject to considerable error. It can be best estimated byg x _
to di erent values and re- tting the dataF(i ure 5) This process Figure 4 at both eld strengths were tted to common forward and back rates
X 9 X g ' p (or equivalently, a common global exchange rate and populain ratio), with

results in a reasonably well-determined best- t forwarteraf 10 residue-speci ¢ values for the1>N chemical shift differences. The best t was

5s l. 750 200s 1 forthe global exchange rate (indicated by the dashed

The excited state identi ed here iS, by de nition’ in a | horizontal line in the bottom panel), with a forward rate ofd.s 1 (vertical
local energy minimum close in energy to the ground state dashed line, bottom panel). As an alternative approach, théorward rate was
Th id that d th ited stat f d to li : xed to various values, and the data were then re- tted (bottompanel, lled

€ re?' UE§ a ene . e e_XCI e . state are foun 0 ling circles). The quality of the tis indicated by the$2 values shown in the upper
the active site (see section Discussion below). We thexefor panel, which have a minimum at the same forward rate of 10 st,
hypothesized that the conformational exchange occurring isdemonstrating the consistency between the two approaches.
between a ground state “open” conformation and an excitegsta
“closed” conformation that closely resembles the confdram
when substrate or competitive inhibitor is bound: in othernds,  should match the shift changes seen experimentally on going
that this is an example of conformational selection, andéfiere  between free and bound states (with suitable allowance made
that the 15N chemical shift changes derived from the RD ts for chemical shift changes arising from direct interactioa)

FIGURE 5 | Estimation of forward rate for free barnase. The data showmi
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seen in RD studies on other enzymée@ch et al., 2005; Boehr can have dramatic e ects on local uctuationg/att et al., 2007;
et al., 2005 Figure 6 shows that the shifts derived from the Doucet et al., 20])1although the close similarity of barnase and
t shown in Figure 4 do indeed match the experimental shifts, binase makes it likely that this slow motion in barnase is also
after correction for ring current shifts (of which the largie related to product release.
is an eect of 0.15 ppm at Ser85). Thus, the hypothesis is
con rmed. We therefore used the slope of the correlation lineNormal Mode Calculations
in Figure 6to obtain the product ppg, which is 0.02, implying The residues identi ed by CAPSID as having rapid uctuations
a forward rate of 15 5 s 1. The excellent agreement with (Figure 9B) are similar to those previously identied by
the direct tting above further strengthens the hypothesis o molecular dynamics to form a hing€igure 9A). By contrast, the
conformational selection. A forward rate of 15simplies a residues identi ed by relaxation dispersion to have millised
population of 2% of molecules in the excited state. We note thanotions (Figure 9D) are in a di erent location: they surround
the tted 1N chemical shift changes are small, and are consistetihe hinge residues, and form a ring or lip around the active.si
with the small structural change in the barnase crystalctites  They are in similar locations to the residues observed tonfor
between free and d(CGAC)-bound. hydrogen bonds to d(CGAC) in the crystal structurBuckle

It is not a surprise to nd barnase presenting evidence ofand Fersht, 1994 although it is signi cant that the lip closure
conformational selection in ligand binding. Similar proped observed by relaxation dispersion takes place in the absdnce o
have been found for other small enzymes with fairly unhireter ligand. These observations suggest that the two uctuationles
closed states, including dihydrofolate reductaBedhr et al., are dierent. In order to investigate this further, we condad
2009, ribonuclease Keach et al., 2005and cyclophilin A normal mode calculations.

(Eisenmesser et al., 2005 The most obvious computational technique to investigate
o ] ] protein motion is molecular dynamics (MD). MD provides a
Millisecond Motions in Bound Barnase series of snapshots of how a protein moves, and is thus a

Relaxation dispersion experiments were also carried out ooomprehensive dataset, but one that contains the local nrando
barnase bound to d(CGAC). The results obtained again showeatiermal motions mixed in with the slower collective motions:
a small number of residues in equilibrium with an excitedtsta it is then necessary to extract results of interest from the MD
(Figure 7). The pro les were smaller for bound barnase than fortrajectory using statistical tools (e.ghuravleva et al., 200.7By

free barnase, making them harder to t, nevertheless, altiges contrast, normal mode calculations directly provide the émsiv
tted to the same exchange rate, within error, suggestingtth energy correlated modes. They are fast and simple to analyze,
they all derive from the same conformational exchange pmcesand provide a useful guide to the motions allowed by the greund
They were therefore tted to a common global exchange rate, i state protein architecture, because the calculations aedan a

a similar way to the tting procedure for free barnase, giviag harmonic analysis of the ground-state structure. For thiscea
global exchange rate of 500 300 s, and a forward rate of the lowest energy modes are dependent on the details of the
4 4 s corresponding to a population of the excited statestarting geometry\@an Vlijmen and Karplus, 1999; Batista et al.,
of 1% (igure 7, tted lines). Signi cantly, the residues involved 2010).

were the same as or adjacent to the residues with RD pro les Normal mode analysis shows that the six lowest energy modes
in free barnase (residues 14, 39, 42, 56, 58, 73, 83, 85,86, I free barnase, which together characterize the major low-
and 106), and the chemical shift changes calculated from thenergy concerted movements in barnase, all involve a beratin
relaxation dispersion tting match well to the experiment&ifs  twisting of the hinge Figure 10: residues away from the hinge
changes on adding d(CGAC), with a®? correlation of 0.62 have increasingly large displacements. Di erent normal modes
and a gradient close to Figure 8). The data for free barnase involve di erent symmetric or antisymmetric oscillationsamd
were shown above to originate from a conformational exclangthe hinge, while higher modes involve increasingly smadied
between 98% free “open” barnase and 2% of a closed state theds concerted oscillations. The hinge residues lie acheds-t
resembles the bound state. Our data therefore imply that isheet, from bottom center to top left in the view shown in
the presence of excess d(CGAC), bound “closed” barnase is fiigure 10 and correspond to residues 24-25, 50-55, 71-75,
equilibrium with a small population of a bound “open” state, andand 87-91 Figure 9A). A very similar group of residues has
that the conformational changes ([free opéh][free closed] and been identi ed in previous computational studies of exilbyliin
[bound closed]$ [bound open]) are similar in both location barnaselflilser etal., 1998; Nolde et al., 2002; Giraldo et al., 2004;
and magnitude, although in opposite directions. We note thaZhuravleva et al., 200.7

a similar observation was made for ribonuclease Aria et al., Calculations were carried out on free wild-type barnase
2009 and for the closely related protein binase (84% identica{Figure 10A) and on the H102A mutant used here for the NMR
to barnase): loop motions were observed to occur in the samiavestigationsigure 10B. The resultant low-energy modes are
place and with the same rate in the absence and presence afmost identical: RMSD values for the lowest energy normal
inhibitor (Wang et al., 2001 This motion was suggested to mode of HL02A are within 10% of those for the wild type. The
be responsible for product release, which is rate limiting fomormal mode calculations therefore suggest that the marati
the reaction catalyzed by binase. We cannot make the sandees not have a major e ect on low-energy uctuations. Thed{ow
conclusion here, because the protein under investigatioa is energy modes for the bound structure also involve osciltetio
catalytically inactive mutant, and mutations in the actisie  around the hinge residue&igure 100, but in detail the motions
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FIGURE 6 | Comparison of chemical shift changes calculated from ttingo relaxation dispersion data for free barnase [expressedsa(papgl &2)1=2], with chemical
shift changes observed on adding d(CGAC) to barnase. The ar in the binding shift change of Arg83 (in the center of the pt) is 1 ppm because it is expected to
hydrogen bond to nucleotide in the bound state Buckle and Fersht, 1994, which leads to large and rather unpredictable shift chares (Xu and Case, 2002). The

residues used for the tting are those shown inFigure 4.
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FIGURE 7 | Relaxation dispersion data for barnase bound to d(CGAC) atdB K. Data are shown for the seven residues showing the large®ffects at 600 MHz.
Experimental data are represented by the circles, with erre of 0.5Hz. Data were tted to a global forward and backward rate, with individual chemical shift
differences xed at the changes observed experimentally beteen bound and free, corrected for ring current shifts.
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are dierent. For example, the lowest energy mode for freenode calculation starting from the crystal structure of free
barnase is an in-phase bending of the arms up and down, wherebarnase Figure 10A) and compared it both to the “open”

in bound barnase this motion is the fourth mode, and the lotvescrystal structure of free barnase (PDB 1a2p) and to the “closed’
mode for bound barnase is more of an out-and-back ex, whichcrystal structure of barnase bound to d(CGAC) (PDB 1brn).

is the second mode in free barnase.

The normal mode motionsKigure 9A) therefore resemble
the uctuations seen by CAPSIDF{gure 9B). By contrast, the
motion seen by relaxation dispersioRigure 9D) resembles the
closure of the active site cleft thatis seen by X-ray criggfedphy
on ligand binding. In order to compare the two dierent

The comparison to 1a2p shows that an increased magnitude of
normal mode motion results in a linear increase in the rootane
squared distance (RMSD) to the starting structure, as expected
(Figure 11, dotted). The comparison to 1brn shows that the
free and bound structures di er by 0.39 A RMSD, and that an
increased magnitude of normal mode motion causes the free

motions characterized by NMR, we therefore took the normaktructure to diverge from the crystal structure of bound base,

20
1.6
1.2

0.8

o.4ﬁ,/

0 0.5 1.0 15 2.0
Shift change on binding d(CGAC) (ppm)

Shift change from RD fitting (ppm)

FIGURE 8 | Comparison of the experimentaI15N chemical shift changes on
binding of barnase to d(CGAC) for (L to R) residues 14, 39, 1063, 102, 56,
and 85, with the chemical shift change obtained by tting to tre relaxation
dispersion data for bound barnase. The twas carried out by xng the global
exchange rate to 500 s 1 requiring all residues to have the same forward and
back rates, and leaving all other parameters free. The ttedofrward rate was 4
s 1, as described in the text. The overall correlation coef cienR? is 0.62. The
errors shown on the tted shift changes are obtained from the ting process,
and the line has a gradient of 1.

in an almost linear manner with almost the same slope as for
free barnaseHigure 11 dashed line). This is not surprising,
considering the close similarity of free and bound structure
However, when this analysis is repeated, but now using only
the residues involved in lip closure (identi ed as the resdu
showing the largest RD pro les for free barnas&jgure 11,
solid line), we see that as the magnitude of the normal motion
increases, these residues initially approach each other,heard t
start to diverge. In other words, the hinge-bending motioh o
the free protein initially brings the sidechains of the lisidues
closer together: the bound conformation is most similar not
the bottom of the energy well for the free protein, but to a
conformation higher in energy produced by hinge bending. The
hinge bending motion brings the residues lining the lip close
together, and therefore facilitates lip closure.

DISCUSSION

Motions Involving More Residues Are

Slower (Less Frequent)

Figure 9 summarizes the motions discussed here, and also
includes two results from previous studies that have not yet
been discussedrigure 9C shows previous results from our lab,
in which the e ects of hydrostatic pressure on chemical shifts

71-75, and 87-91 ¢huravleva et al., 200%. The region in orange [87-91] was also

high-pressure NMR to be involved in subas uctuations: 23, 26, 28, 34, 40, 44, 50,

location of the central two residues of bound d(CGAC) in mag#a.

FIGURE 9 | Residues identi ed as being involved in concerted motionsllustrated using the crystal structure 1brn. Helices are sdues 6-18, 26-34, and 41-46, and
sheets are residues 51-56, 70-76, 86-92, and 108-109(A) Residues identi ed as being the major mobile elements in MD/nanal mode analysis: 24-25, 50-55,

1998). (B) Residues identi ed in this work from Gdm curvature: 5, 7, 27, 8, 30, 51—

in this work from relaxation dispersion analysis: 36, 39, 4243, 56, 58, 83, 85, 86, 101, and 106. (E) Residues identi ed as having large changes in chemical shift
and/or methyl group dynamics on binding to barstar: 24, 27, 3741, 51, 58-60, 82-86, and 101-104 Zhuravleva et al., 200). Shown here for reference is the

identi ed in an indepelent analysis of conformational ensembles-ilser et al.,
54, 60, 71-74, 85, and 100-102.(C) Residues previously identi ed from
53, 55, 75, 87, 89, 93, 97, and 107 (Wilton et al., 2009. (D) Residues identi ed
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Normal mode amplitude

FIGURE 11 | Root-mean-square distance (RMSD) from given starting
structure to different points on the lowest energy normal mde trajectory of
free barnase, produced using the crystal structure of free &rnase (1a2p) as
the starting structure. A normal mode amplitude of 1 correspnds to an
all-atom RMSD of 0.24 A. Green: RMSD from 1a2p. Red: RMSD frorthe
closed structure bound to d(CGAC), 1brn. Blue: RMSD from 1hr, but
calculated using only @ atoms of the residues involved in lip closure (42, 56,
83, 85, 86, 101, and 106).

many of the e ects seen in the previous studih(iravleva et al.,

FIGURE 10 | Superposition of 8 structures from the lowest energy normal 2007 may also be due to conformational change rather than the
mode of barnase, corresponding to a 0.5 A average RMSD, fromgen proximity of barstar. We therefore include them kigure 9.
(crystal structure) to orange(A) Free barnase (PDB la2p)(B) Free barnase Mobile regions are shown irFigure 9 arranged in order

H102A (PDB l1a2p with the H102 sidechain truncated to CB)(C) Bound

barnase (PDB 1brn). The next three normal modes look very sitar. of number of residues involved, Wlth:lgure 9A (normal

modes/MD) showing the most localized motion, which in
Figure 9B (CAPSID) andFigure 9C (pressure) extends beyond
were used to characterize volume uctuations in barnase ahe ends of theb-sheet, and then extends further sideways
ambient pressure. The largest volume uctuations were foundn Figure 9D (RD) and Figure 9E (ligand binding) to include

in the hinge and surrounding residues, and were signi cantl loop residues. Timescales can also be assigned to most ef thes
reduced on binding of d(CGAC)Wilton et al., 2009 These motions. All three MD studies Nolde et al., 2002; Giraldo
uctuations were estimated to have a timescale i1 s 1. et al., 2004; Zhuravleva et al., 2)6@w collective hinge bending
Figure 9Epresents results from a study of the binding of barnasenotions occurring on timescales of a few nanoseconds. Thus,
to its protein inhibitor barstar.Zhuravleva et al. (200Moted we can expect that the motion shown Figure 9A will start

a number of large changes in chemical shift or methyl grouio appear on a timescale of 40 s 1. As presented above,
dynamics on binding, which are in similar locations to thoseCAPSID timescaleg{gure 9B) are somewhere in the range®0
seen here by RD (residues 24, 27, 37, 41, 51, 58-60, 82-B8° s 1. The residues identi ed by CAPSID map out a very
and 101-104). They noted that many of these residues are gimilar hinge for low-energy collective motion, though hat
contact with barstar, and therefore did not attempt to analyzdarger than that observed by MD. We therefore conclude that th
these results further, arguing that the observed changekico motion detected by CAPSID is the same hinge-bending motion.
result from direct contact with barstar, and therefore cahbe The uctuations detected by pressure dependent@éton et al.,
converted directly into conformational information. Hower, 2009 were estimated to have a timescale off-1@ s 1.

our RD data were obtained in the absence of ligand, and thezefoThese timescales can be contrasted with the much slower
unambiguously show that the protein exchanges with a closeflequencies observed by RBigure 9D), which are 750 200
conformation that is di erent from the ground state, even in s 1. The timescale associated with substrate binding andselea
the absence of ligand. By extension it is reasonable to dhgie is given by the enzyme turnover rate, which is up to 4,000 s
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depending on the substrat®gy et al., 1992 while the rate of population of the excited state for CAPSID must be at least
barstar dissociation is 200 at pH 5.8 Gchreiber and Fersht, 5% to be observable\(lliamson, 200} so this is a well-
1993. Thus, the di erent motions shown ifFigures 9A-Eare  populated mode. The location, timescale and energy of the
approximately in order not only spatially but also temporally.motions shown inFigures 8A-C and characterized by MD,
These results con rm the simple expectation, that motionstthanormal mode analysis, CAPSID, and high pressure indicate that
involve a larger number of residues (or bond rotations) a®sl the motions are di erent facets of the same uctuation.
probable and therefore occur on slower timescalesnzler- By contrast, the motion observed by RD includes only 1-2%
Wildman et al., 2007; Hammes et al., 2p11 of molecules in the excited state, and occurs at a much slower
It may seem strange to class normal mode calculations irate of 750 200 s !: it is thus a much slower and far less
the same group as the MD results as depicting very rapiflkely motion. Furthermore, there is a large free energyriear
motions with a rate of 181 s ! (a timescale of 1-10 ns). between the ground state and excited state, and the exdéésl s
Normal mode calculations are generally described as dapicti is a local energy minimum. The motion is thus a conformatibna
the lowest energy, and lowest frequency, collective metian  exchange rather than simply a barrierless hinge bendingliina
which case the characteristic motions should be much slowdghe motion also involves an additional set of residues quite
than this. However, motions in proteins are always di usivedistinct from those involved in the hinge-bending motiofeise
rather than harmonic-sometimes described as following Keesn residues are located around the lip of the binding site rathe
rather than Eyring dynamics, or “overdampedAléxandrov than in the hinge Figure 9D). The chemical shift changes are
et al., 200—and thus the normal mode calculations are besin agreement with a conformational selection model, sutiggs
thought of as showing how the architecture of a protein allowshat the motion seen by RD is an exchange between open and
it most easily to bend, rather than how it actually movesclosed forms. The conformational change seen on ligandibgnd
Experimental studies using neutron spin echo spectroscopy an&igure 9B involves the same group of residues and occurs at a
small-angle neutron scattering3( et al., 2005; Inoue et al., similar rate, further con rming that the motion is an opentsed
2010, as well as comparisons of MD and normal mode motionsequilibrium linked to ligand binding, and is thus a distinct
(Alexandrov et al., 2005; Swett et al., 2QIrave concluded motion from the hinge bending shown iRigures 9A-C
that the interdomain motions described by the lowest fregzie
normal modes are observed in proteins on timescales of 1¥he Motional Modes Are Hierarchical
50 ns. In other words, the fast collective motions observellVe have characterized two motional modes, but have not yet
here, on timescales between 1 and 10 € s, are diusive considered how they are related to each other. In this sectio
rather than harmonic: the protein does not oscillate from onewe argue that the two motional modes are hierarchical, arschdr
conformation to another, but the residues sample a range afut some of the implications:rauenfelder et al. (200€escribe
local conformations, some of which conformational changes hierarchical motions within the concept of an energy langgca
correlated and produce hinge bending. They describe the energy landscape divided into several, tier
These experimental results demonstrate that the very rapidistinguished by the rate at which conformations can crosmf
random thermally induced motions become funneled intoone basin into the next. The highest tier (tier 0) has freergne
increasingly larger scale motions. The di erences in tinadss barriers that take times of the order of micro- to milli-seam
are large. The hinge bending (which involves roughly 20 aminto cross; within each energy basin lie many tier-1 substitas
acids) occurs 10* times less frequently than thermally induced exchange much more rapidly. These two exchange processes
rotations about single bonds, implying that the cooperativecan therefore be described as hierarchical, provided of seour
uctuation represented by hinge bending only occurs roughlythat they both involve the same energy basin. Henzler-Wddm
once in 10,000 bond rotations. Similarly, the conformatibn et al. Henzler-Wildman and Kern, 2007; Henzler-Wildman
change of the loops surrounding the active site, which occurst al., 200y use the same concepts, arguing that exchanges of
both in the absence and the presence of ligand and representstates within tier 1 are characteristically collective imio$ of
conformational change from the open to the closed or “boundloops and can occur within nanoseconds, while exchanges of
conformation, occurs approximately 4Qtimes slower than states within tier 2 are typically sidechain rotations andaurc
the hinge bending, implying that this movement is very rarewithin picoseconds. They also stress that (in their systengela
occurring only one in 16 hinge bends (or once in fobond amplitude rapid uctuations occur in the same locations as
rotations). large-amplitude slow uctuations, and suggest that “the pbabi
There are two dierent motional modes. All motions origin of the catalytically important collective domain nians
described here have features in common: they all involvgéiin (microseconds to milliseconds) is the fast-timescalellboaye
bending across thb sheet, and (where measured) each motiormotions” (Henzler-Wildman and Kern, 2007leaving open the
has roughly equal magnitude and rate in both free and boundjuestion of the physical mechanism for linking these processe
states. However, they can be divided into two groups. Théogether. For barnase, we can now describe what this physical
rst group (Figures 9A-Q constitutes simple hinge bending, mechanismis.
involving an increasingly larger number of amino acids agon It is helpful to sketch the general features of the energy
goes fromFigures 9A-C There is little if any free energy barrier landscape for free barnase as characterized fegeire 12. In
to this motion, and higher energies/longer timescales jaatl this gure, the multidimensional collective reaction coandte
to a greater extent of hinge bending being observable. Theom open to closed Hammes-Schier and Benkovic, 2006
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is compressed into two dimensions, comprising a hinge bendrganized to promote catalysis. Thus, the role of these metion
and a lip closure. Free barnase occupies the “open” basin 98%to enable the enzyme to e ciently attain the conformation
of the time. This basin allows low-energy hinge bending on dhat best catalyzes the reactidpigliakov et al., 2009; Antoniou
timescale of the order of 16—10 7 s, with 5% of molecules and Schwartz, 2011: Loveridge et al., 2011; Doshi et aP).201
in the vicinity of the conformation denoted X ifFigure 12  The physical connection between the two uctuations (i.e.,
Conformational exchange within the “open” basin thereforevia conformation X) establishes that the route from open to
corresponds to Tier-1 uctuations in Frauenfelder's desdopt closed is not a consequence of two uctuations in parallel
(Frauenfelder et al., 20)%nd is dominated by hinge-bending, a (Hammes et al., 20)1but two sequential uctuations, with
mode that is dictated by the architecture of the protein. Bes® the slower uctuation dependent on the faster. The argument
is also able to exchange over a large free energy barrietheto presented here is necessarily a gross simpli cation, bec&use
“closed” energy basin, a Tier-0 uctuation (and the only iFie has compressed a complicated multidimensional uctuation into
0 uctuation detected here for free barnase). This exchaisge only two dimensions, and therefore smoothed out many of the
much slower, taking place at a rate of 75@00 s 1. The normal  energy barriers. The Frauenfelder tier categorizatiomigpke but
mode calculationsKigure 10 suggest that this exchange takesso far seems to correspond remarkably well to a wide range of
place not from the bottom of the energy well but from a partiallyexperimental observations.
hinge bent position part way up the slope leading up from the The model proposed here is dierent in detail from some
bottom of the well: the position denoted by X Figure 12 existing models. AgarwalA@garwal, 2006; Ramanathan and

Any molecule that progresses from the open to the closedgarwal, 201)land others {ousignant and Pelletier, 20))4n a
basin is very likely to get there via the low-energy pathdevelopment of Frauenfelder's argumeritsijimore et al., 2004
described inFigure 12 it undergoes hinge bending to produce propose that solvent uctuations are coupled to uctuations in
a conformation resembling X, and then undergoes lip closureexible loops, which in turn are coupled to the active site via
Any other route is less probable and therefore of higher eperg networks incorporating critical hydrogen bonds. In our mdde
In other words, the two uctuations share a common set ofthe coupling is more di use in that it uses architectural feasir
conformations (X). This is a necessary feature of hieraadhi of the protein to channel motions into specic functionally
uctuations, and implies that the two uctuations must to important modes. Itis thus much more similar to the segmented
some extent be colocalizedi¢Donald et al., 2003 It is not  transition pathway proposed for NtrCL€i et al., 2001 which
necessary for the amplitudes of motion to be common to thenvolves four di erent uctuations, possibly assisted by tsent
two modes (enzler-Wildman and Kern, 2007 and indeed hydrogen bonds.
in barnase they are not. The importance of the rapid hinge- The hierarchical relationship between the two uctuations
bending uctuation is that it generates a population of molezzil does not imply that one motion “causes” the othésefikovic
with an appropriate degree of hinge bending to allow readyt al., 2008 but merely that the faster provides the platform
lip closure. This is the physical basis for hierarchical moti from which the slower can start, by increasing the population
the faster motion acts as a “promoting motionAgarwal et al., of molecules with conformations similar to X. We note again
2002; Loveridge et al., 201tb produce a suitable conformation that “faster” means more frequent: the speed at which indigid
from which the slower motion can begin. In turn, the sloweratoms move is not changed, and arises from thermal motion.
motion produces a closed conformation that is presumablydsett There is therefore no contradiction in having a slower matio
dependent on a faster one. It seems likely that proteins aretnot a
thermal equilibrium over functional timescales|{ et al., 201}
This would further emphasize the importance of tpathway
rather than just the overaéinergetics

All the discussion so far has been based on the dynamic
energy landscape for the free protein. The limited evidence
available suggests that the landscape for the bound protai@ha
similar overall shape, with minima and maxima in similar place
although the bound state energy well is deeper, and the frée sta
well is shallower. Binding of the ligand produces an energsg bi
in the landscape, such that more lip-closed conformations are
lower in energy, without e ecting a big change in the shape.
One can easily imagine that the detailed route from open/free
to closed/bound will be more complex than that shown in
Figure 12 and likely involve a coupling between binding and
closure, or between induced t and conformational selectio
(Arora and Brooks, 2007 The route from closed to open is not
FIGURE 12 | Relationship between the two uctuations discussed here. Hige necessarily the same in reverse, although the similafidsee
bending has no free energy barrier to uctuation: higher engyy states merely and bound Iandscapes suggests that it will be similar.
occupy a larger conformational space. By contrast, lip closre passes over a The relationship between the two uctuations discussecdeher
high-energy transition state. The two pathways overlap at @sition X. . ) . . . K . . . .

implies that it might be possible to identify mutations in whic
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one motion is a ected but not the other, as discussedsiagne (Agarwal et al., 2002; Loveridge et al., 201d produce a
et al. (2016) Such investigations are outside the scope of thiseaction-ready state. These motions are hierarchitaingler-
work. Wildman et al., 2007; Frauenfelder et al., 2008 the sense

It is an interesting question whether the results of thisthat lip closure happens from a partially hinge-bent state. The
study can be extended to other proteins. We believe thaitructure of the enzyme is such that hinge bending is a low
they can. This claim is based on two main arguments, oénergy distortion of the ground state, and lip closure is a
which the rst is that the general features of the energyfacile collective mode, but only from a partially hinge-clbse
landscape discussed here are common to many proteins, nobnformation. Such a general mechanism could be very common
just barnase. For all enzymes, catalytic e ciency is an @@l in a range of protein and enzyme interactionsopi and Bahar,
process. Commonly the starting point is a poorly functional2005; Hammes-Schi er and Benkovic, 2006; Henzler-Wildman
architectureto which optimal active site structure can be addecdet al., 200y, not least because such a two-step pathway is
(Williamson, 201). This matches a key conclusion here, that itstraightforward to optimize by evolutionK(inman and Kohen,
is the architecture of the protein that determines the allblga 2014. We note that the guanidinium-dependent temperature
large-scale motions, and which funnels random thermal mwti coe cient technique is useful for characterizing motiong a
into catalytically useful motion. However, closure aroutie®  timescales around $& 1, animportant timescale that is di cult
active site to create the reaction-ready conformation iscmu to access by other methodsange et al., 2008; Wilton et al.,
more speci c to the enzyme, and is thus a dierent type of2009.
conformational change. The second argument is that similar
features have been identi ed in most enzymes that have beeAUTHOR CONTRIBUTIONS
studied in detail, as described in the introduction. Onetlfigr
example is pertinent, namelg-phosphoglucomutase (PGM), MW designed experiments. MP, SS, AH, and NB prepared
which catalyzes the interconversion bfglucose 1-phosphate materials and collected data. MP, NB, and MW analyzed data
into glucose 6-phosphate vib-glucose 1,6-bisphosphate. A and wrote the paper. All authors approved the nal version of
recent study Johnson et al., 20)&as shown that the enzyme the manuscript.
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of the transferring phosphorus. However, this conformatisn i
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