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ABSLURACL: Linear-scaling electronic structure calculations of solvated
biomolecules Rave been carriec out using a semiempirical lfamiltonian and a
xew smooth solvation potential. These methods afforcl a new way of generating
wacromolecilar properties that include quantim electronic structure. In addition
to the wiclely used classical electrostatic potential maps basec on emvpirically
cerived static point charges, now fully quantum meckanical electrostatic

potentials that include electronic polari

ration are possible. lLinear-scaling

electronic structure methods provice a Rost of response properties of the electron
censity suck as linear response functions, local Rarclness functions, and [Fukui
functions. [t is the Rope that these indices will extend insight into problems of

biological macromolecular characterization.
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Introduction

T e overall accuracy and precictive capability
of computational models for biological sys-
temas are limited by (%) the accuracy to wiick inter-
wolecular forces are clescribed, (2) the acequacy to
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weick relevant plase space is samplecd, and (3) the
cegree to whick the microscopic system ox the com-
puter reflects the (typically) macroscopic system in
nature. ([for molecular simaulations, there ave issues
with regarc to tie classical ¥s. quantuma meckani-
cal treatment of nuclear motion, and for electronic
structure methodls, issues with regarc to the validity
of the Born-Oppenieimer approximation and the
imaportance of relativistic effiects.)

_Apvlications targeted at tie study of ciremical
reactions tkat take place in complex chemical en-
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vironments are of great imaportance in many dis-
ciplines. Often tike environment Ras a tremencous
efffect on the nature of the cremistry of the inter-
acting species relative to that whick would occur in
vacuum. An izaportant and illustrative example is
that of enzywme catalysis where a protein, polynu-
cleotice, or macromolecular complex along with
associated bounc metals and solvent provice the
catalytic environment.

“Wasltilevel” methods allow the use of a mievar-
ciy of theoretical moclels that balance accuracy anc
computational efficiency. The goal, then, is to ce-
termine the weakest link in the modce! witk respect
to the particular properties of interest in the appli-
cation, and design a multilevel scheme within the
constraints of available computational resources to
best ackieve reliable, predictive answers. As an ex-
awmple, the civerse benavior of water molecules at
the atomic level is amaringly complex, and remains
am area of active researck by botk experimental anc
theoretical methods. [Rowever, to a reasonable ap-
‘proximation, the effect of bulk water far enough
away firom the active site of a biomolecule can
be treatec as a clielectric continuuza with a set of
equations that can be reacdily solved.! Similarly,
Jybricd quantum echanical/molecular meckanical
(QNVL/INL) metRocls are examples of a particular
class of multileve! quantum wocels that Rave re-
ceivec a tremenclous amount of attention ix the past
several years.?

[x this article, linear-scaling electromic structure
=ethods are combined with a smoothk solvation
potential and applied to the cdetermination of use-
f1l properties for macromolecizlar characterization.
Theese incluce quantum weckanical electrostatic po-
tential surfaces, polarization response densities, sol-
vation energies, anc electronic dexsity of states.

Scaling

A key issue in the cdevelopment of mocels ce-
signec for very large systewas is scaling: the rate at
weick the computational effort increases as tihe sys-
tema size is increased (in some systematic way) wiile
waintaining a fixed level of overall accuracy. [For
the purposes of discussiom, tie formal scaling (as
cescribed above) of computational effort is termed
“linear scaling” if the computational effiort scales
wore favorably than M® wiere « is any real nuwaber
greater than 1; i.e.,
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SOLVATED BIOMOLECULES

wiere CPE () represents the computational effort
as a function of “systema sire” M. This cefinition of
linear scaling thus encompasses the class of meth-
ods that scale formally as O(IN log IN).

Methods for Classical Electrostatics
and Solvation

lassical electrostatic interactions play a key role
in almost all chemical models from purely em-
pirical force fields to ab initio electromic structure
wmetRods. Of prime importance to large-scale mod-
eling apvplications are metRods to efficiently cal-
culate long-range Coulomb interactions anc that
Rave favorable scaling properties in the limit of
large numaber of particles. A tremenclous amount of
work ancl progress Ras been mace in tihe cevelop-
=ent of linear-scaling wethods to solve the [’oisson
equation fior the classical electrostatic potexntial for
systemas of point charges or smootkR ckarge cen-
sities umcler periocic amc momperiocic boundary
concitions.>* The wmost common wocern strate-
gies can be broaclly categorired into metiocls basec
on multipole expansions of the potential such as
tree codes and fast-multipole methods’~ and meth-
ods basec on plane-wave expansions of tike poten-
tial suck as linear-scaling Ewald methods.®® These
=ethods can be viewed as Creen’s function expan-
sions of tie Laplacian operator in real and reciprocal
space, respectively. (A lthough it may be argued that
=ethods basec on spherical Rarmonic multipole ex-
‘pamsions are wost natural for monperiodic systems
and plane wave expansions are :ost natural for pe-
riodic systemas, tihere Rave been generalizations of
botk tecihmiques: fast-multipole metRods for peri-
odic systems, and [fourier methods for nonperiodic
systews.)
Ifor large biological applications, inclusion of tie
solvent environment is critical. [frequently an im-
“plicit solvation model" ¥ ' can be employed to re-
=ove the explicit solvent degrees off freecom that
would otherwise clominate the calculation. [t is of-
ten mot clear Row appropriate these models are
for treatwent of tiee first solvation layers arounc a
biological macromolecule; Rowever, it is generally
believed that they Rave a useful place within the
Jierarcihy of multilevel models (e.g., outsicle some
dowmain wikere tie effiect of tie bulk solvent on the
region of imterest can be sufficiently approximated
by a continuuma model). Ifor these reasows, it is of
significant importance to cevelop a linear-scaling
solvation potentia! that is numerically stable and
sufficiently smootk for biological applications.
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The moce! outlined ere is based om a recent
general formulation of a smootk analytic solvent
potential™ based om tke comcductor-like screening
wodel.!? The method is a type of bouncary-element
wetRod that uses a variational principle for the
electrostatic emergy appropriate for a comductor,
anc emvploys a correction factor for finite dielectri
wmediuw. A computational advantage of the metihod
is teat it utilizes a discretired 2D surface instead
of a 3D gricd; mowever, fior more complicatec spa-
tially varying clielectric functions or nonlinear (e.g.,
iomic) terms, grid-based methods have some mat-
ural acvantages. Although the COSNLO wethod is
an exact solution to tee electrostatic problem only
ix the lixait of infinite external dielectric, it Ras beexn
skowk to be very accurate for a high cielectric
wedium suck as water. (Even an exact solution of
the electrostatic problem for finite external cielec-
tric is am approximation for only oxe compoxnent
of the solvation ewnergy.) Wore recently, a COSNLO-
IRS mocle! (comcluctor-like screening moce! for real
solvents) kas been developec anc parameterizec to
improve finite cielectric screening in other orgaxic
solvents.t3 1

Tee equation for the induced solvent polarization
energy is

o b r
4?01—i"pox'A'“pol""’pox"B'l’o (¥)

where 001 is 2 M x L vector representing the polar-
iration surflace charge clensity, py is a M x 1 vector
representing tie solute charge censity (Rere treatec
as fixed), and A and 18 ave M x M and M x W =a-
trices representing tie self-interaction of the surface
charge vectors and the imteraction of the surface
charge andl solute charge censity, respectively. [for
a comcucting mecium (infinite dielectric), the A
=atrix is just an electrostatic interaction maatrix be-
tween surface elements. [n the present moce!, if
tieere is an internal dielectric ¢ and external dielec-
tric e;, the electrostatic interaction matrix is scaled
by a factor & /f(eq, €2), weere

€2 — €
€,6) = ——
fla @) = =

@)

This scale factor is in accord with Causs’ law for
the total surface charge censity. The polarization
surface charge censity is obtainec by a minimira-
tion pxoceflure Writtelr in the gene:%l}ﬁom

8 Epy—A"- D agpy—y =0 3)

wiere A is a vector of lLagrange maultipliers on I,
comstraint concitions

le".o.Pol =r. Po=Y (4)

wiere Disa M, x MM matrix representing Mcon linear
constraint equations and the vectoxr - p, = y ave the
constraint values. [t is assumed that the comstraint
values are linear functions of tke static clensity p,.
[for example, the Causs’ law comstraint on the to-
tal surflace charge flor € = 0o, assuming the surface
and static charge densities are expanded in a basis
of Iy mormalirec functions, corresponcs to . = 1,
Di,i. = E,Ejﬂd ﬂg/i = -1 (W:El(‘:i& ;mphes Wi = —Qo).
Although the scale factor f(e, €2) is comsistent with
the Causs law, it does not guarantee the exact sur-
face charge in a nmumerical calculation. (There is
also the issue of crarge penetration tkat Ras been
liscussed extensively elsewkere.!>) The use of con-
straints on the surface charge anc the mechanismas
for enforcing thew ave still topics of interest and clis-
CUSSIOR.
The variational solution for the surface charge
vector is

oi (k) =—AT(B-py—D-1)
= 0;01(0) + 80;01()\) ©)
and
A=Q "R p, (6)
where the matricesQ = D' - A= . Dand R = (L +
D' . A" . 18) Rave been introduced, 6*(0) = —A " .

18- o, is the uncomstrainec surface charge vector anc
sok (A) = A" D.1is the constraint correction. The
resulting energy expression is

i )
Epor(A) = 50;01(0)1' 18- pg

E * " *
+ 58{},01(/\)( A 805, (1)
[
= 5:05 ’ Gpol(o) + Sepol()“i * Po

i r =
=35h0- Eoai(A) - po 7)

wiere €poi(A) = €po1(0) + 6€ (L) is the Creen’s
function of tke comstrainec variatiomal proceciure,
€p1(0) = —1B7- A" 18 is the uncomstrained Creen’s
function, and §€,0 (1) = RT-Q~* . Ris the constraint
correction.

The key feature in the wmew mocel is that the
solvatiom potential is a numerically stable and rig-
orously smooth function of the atomic positions
(Fig. 1). This cerives from the definition of tie
A and 1B matrix elements that can change ciwen-
sion as tke conformation of the molecule changes,
but do so smootily with respect to variatioms im
tee emergy This is accommodated by mocel-
ing surface elements associatecl witk tike polarira-
tron surface charge clemsity as tiree-cimensional
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FIGURE 1. Smoothness of the solvation potential.
Curves are shown at several atomic sphere discretization
levels for two ions with unit radii and oppositely signed
unit charges as they separate along the z axis.

(a) Point-charge model: interactions between surface
elements were modeled by point-charge interactions.
(b) Gaussian/smooth model: interactions between
surface elements were modeled by Gaussian Coulomb
interactions that occur smoothly as they become
exposed or buried. The top row shows the relative
solvation energy E (kcal/mol, shifted for clarity) as a
function of separation distance R, and the middle and
bottom rows include the corresponding gradient curves
(kcal/moI-A) below the horizontal zero axis. Gradients
were computed by finite differences (dE/dR = AE/AR
with AR = 0.01 A) to graphically depict the relative area
associated with each singularity.

Caussian functions distributed on spireres accorc-
ing to tee rules of Righ-orcer mumerical quacra-
ture schemes for spherical Rarmonics. The surface
elements are smootkly “switcked on” when they
become exposec on tke solvent accessible surface
and “switchec off” wiken tihey become buriec. The
smootiness of the solvation potential is problematic
for many bouncary element metkods,? and is an
imaportant factor wien performing gradient-basec
geowetry optimirations, transition state searcies,
and wolecular cynawmics simaulatioms. [figure 2
skows tee efffect of using the smootk solvation
moce! without smootking (y = 0) anc witk smooth-
ing (y = 1) for O~ attack ox etiylene sulfate.

SOLVATED BIOMOLECULES
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FIGURE 2. Potential energy surfaces for OH™~ attack
on ethylene sulfate at different levels of smoothing.
Curves at several discretization levels (14, 26, 50, and
110 points/atomic sphere, corresponding to dotted,
solid, dashed, and thick solid lines, respectively) are

shown for smoothing levels y = 0 (no smoothing, top),
and y = 1 (full smoothing, bottom). See ref. 11.

The conventional comnductor-like screening
wocle! Ras been mace into a linear-scaling algo-
rithw, ' and this tecamique can be extemcded to
the Caussian solvation modce! describec Rere. The
key features neeclec to linearire the computational
effort are to (1) circumvent the O(M?) and O x )
computational and wewmory requirements to
construct the A and 1B matrices, and (2) avoid tee
formal O(®) wmatrix inversion procecure. These
problems can be overcome by minimiring cirectly
the ewmergy fumctiona! of eq. (1) and recogniring
that the watrix operations are essentially the
evaluation of Coulomb’s law. (Axy deviation from
Coulomb’s law, suchk as the ciagonal elements of the
A wmatrix, can be incluced as an O(M) skort-ranged
correction.) The wminimiration proceclure cam be
greatly sped up using a preconditionec conjugate
gradient metwod,'? combined with an acaptive
recursive bisection method for linear-scaling
evaluation of tie electrostatic potential anc field.*
The method is applied in the following section for
the linear-scaling electronic structure calaulation of
biological macromoleciles in solution.
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Application of Linear-Scaling
Electronic Structure Methods
to Biomolecules

Iinear-scaling electronic structure methods' ~#

(or so-called “orcer-IN” wmethods) are beginning
to find wide-spread application to macromolecu-
lar problems. In the wear future, these methods
will begin to be applied at tie ab initio level using
quaJLty basis sets; Rowever, it is curren’my a coxn-
sicerably strenuous computationally task to reach
the size limit wikere the orthogonality/icemapotency
condition becowes a truly dominating factor super-
secing watrix element comstruction. On tke other
Rand, for quantum wethods that employ a semiem-
pirical [Ramiltonian model, linear-scaling electronic
structure methods'” =22 Jave allowed access to

a Rost of new large-scale problems. These inclucle
the calculation of solvation and polariration exer-
gies of biomolecules, % solute to solvent charge
transfer,’® ? electronic density of states,? exryze
active site structure,” 30 reaction energy profiles,
and the polarization of ligands.??

Semiempirical methods,? 3¢ by virtue of their ef-
ficiency and flexibility, are likely to make a major
izapact in biomolecular moceling over the next few
years. This is largely because tike complexity of bi-
ological systems requires ®igh accuracy combined
with extensive comfigurational sampling. Sewmiew-
‘pirical methods are typically two orcders of mag-

nitucle faster than ab initio methods, anc offer the
added flexibility of parameters that can be acljusted
to obtain very ®igh accuracy within a relatively
narrow range of ceemistry. Certainly ab initio tech-
niques will play an increasingly imaportant role;
nonetieless, semiemvpirical methods Rave a usefu!
‘place in the comstruction of multilevel quantuma
models for biological applications.

[x this section, a survey off linear-scaling quax-
tuma calculations on biological macromolecules ixn
solution is presented to illustrate some of the types
of infiormation that these calculations can provice.
Tee field is rapicly acvancing, anc new insigits
continue to emerge through ongoing applications.
The focus were is on the effiect of solute DOAaALJ“bil-
ity in the process of solvation.

Witk linea*‘-scaling electronic structure metkocls,
oxe can clirectly access tie maxny-bocly contribution
of solute polariration in the process of solvation.
Comsider, for example, the thermocynawic cycle ce-

‘picted by:

; ACit -
[0gasl gas — 1050l gas
gasl g g
Acel,gasl \LACe‘ S0}

])Ogasl sol T ])OSOII sol

wihere the quantities in brackets, pgas anc pso), rep-
resent tie relaxec electron censity in the gas phase
and in solution, respectively. The subscript on the
outsicle of tee brackets incicates the environwent
(gas pease or solution). The solvation ewergy is
the energy associated with going from I,Ogasl,gas —
|psoilsor; thus ACso = AGe_n,gas + Aepol = AGi +
ACe ,S01+

Table I skows tie solvation free-energy compo-
xents estimated from linear-scaling electromic struc-
ture calculations of an ensemble of structures ce-
rived froma solution RIWIR clata of ovomucoid turkey
third domain.®® The wmean solvation free energy of
tihe 12 RIVLIR structures is —32.5 eV, ancl the mean po-
larization contribution is —4.3 eV (13.2% of ACqy),
vanging firom —3.7eV (12.2%) to —4.7 eV (14.6%).
The solvation free energy of tke crystallograpiic
structure is —24.9 eV, about 23% less than the av-
erage NI value, witk a polarization contribution
of —3.k eV (12.4%). This is not surprising, because
the solution structure is expected to be more flex-
ible anc Rave imcreasec imteractiom witk solvent.
The contribution of AG, Ras been estimated with
semiempirical metRods to range typically between
5-15% for proteins ancl around 2% for DNA (tke lat-
ter resulting from the large overall solvation effiect
fior Righly chargec systems).

A useful macromolecular incex in molecular bi-
ology is tie electrostatic potential ¢(r). If the electro-
static compoxent of the solvation energy is modelec

TABLE 1.
Solvation Free-Energy Components for OMTKY 3rd
Domain.?

AGsol AGel,gas AGpoI AGint AGeI,soI

X-ray —24.9 —21.8 -3.1 3.7 —28.6
(NMR) —-32.5 —28.2 —-4.3 5.2 —-37.3
std. dev. 1.3 1.0 0.4 0.5 1.7

a“X-ray” indicates that the X-ray crystallographic structure
was used with hydrogens added and the structure refined
with molecular mechanics minimization. (NMR) indicates the
calculation average over the 12 NMR structures.3® All elec-
tronic structure calculations were performed on a single pro-
tein (814 atoms) using the linear-scaling electronic structure
and solvation methods described previously !0 11: 36 with the
AM1 Hamiltonian.37 All units are in eV.
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as a uxifiorm isotropic polarirable medium, the total
electrostatic potential ¢(r) is a solution of tike [Pois-

son equation
V- e()Ve(x) = —4mp(v) ®)

where p(r) is the solute charge distribution. The
concductor-like screeming wmocel cescribed previ-
ously provides am effficient means for the approxi-
=ate solution of tike IPoisson equation. [frequently
¢(x) provides quantitative insight into the electro-
static fleatures at the molecular surface, and is used
as a measure of molecular siwmilarity.® Flectrostatic
properties Rave proven useful for the icdentifica-
tion of functional Romology of proteins, preciction
of counterion bincling sites in proteins ancl nucleic
acids, ancl explanation of Rycropkobic interactions
and electron-transfer rates.® % More recently, a
stucdy of electrostatics of IRWA, based on numeri-
cal solutions to the wmomlimear [Poisson—Boltzmann
equation using force field-cerived point charge pa-
raweters Was further revealed the significance of
electrostatic complementarity in RNA recogmition
and stabilization.** Amoteer molecular descriptor
to measure electrostatic complementary that waay
prove useful in biological applications is tie pro-

SOLVATED BIOMOLECULES

ile of imclucec charge censity om the cielectric
boundary™ This quantity is reacily available from
bouncary element metRocs.

Typically, classical treatments of the electrostatic
potential are basecl on a static point ckarge repre-
sentation of the macromolecular solute constructed
firoma an assemably of fixed charge fragments. This
type of representation neglects (1) tie contribution
of atomic multipoles to tie electrostatic potential,
(2) explicit electromic relaxation of the firagwents in
the macromolecular environment, and (3) polariza-
tion of the solute by tke induced solvent reaction
field.

ILinear-scaling electrowic structure methods can
be usec! as an explicit quantuma wocke! for tie elec-
troxic polariration of biological macromolecules.
The wmetRod is applied Rere to the determination of

quantuw wmeckanical electrostatic potential surfaces
calculated in the gas phase and self-consistently in
the reaction field of a dielectric continuuw. A wore
Cdetailed study of the met®od and application to bio-
=olecules is forthcoming. The focus ere is oxn the
efffect off solute electronic polarization in the process
of solvation. Consicler the solvation process:

(pgas)gas - (pgas)sol - (psol)sol (9)

Surface Potential

FIGURE 3. The electrostatic potential surface of the electronic response density 8o(r) = psoi(r) — pgas(r) (note: this
density is neutral). Units are in kT/e (T = 300 K). Calculations were performed using the PM3 Hamiltonian®® and a

buffer/matrix cutoff of 8/9 A.
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Tee electronic polarization response density of tkis
‘process is cefinec as the difference density ppo =
Psol — Pgas- IFigure 3 shows the electrostatic potential
clifffierence sap of the solvated densities psoy aRc Pgas
(i-e., Psor — Pgas). The solvation potential used is a
linear equation in tie clensity; Rence, the potential
in Ifigure 3 is equivalent to tie electrostatic poten-
tial of the solvated electroxic polarization respoxse
censity poo. [Rencefiorth, this type of potential map
is reflerrec! to simvply as an electronic polarization map.
IRegions colored in recl skow areas off increasec elec-
tronegative potential, ancl regions colored in blue
skow regiows of decreasec electronegative potential.
Thee local features of the electronic polarization map
are affiectec by tie polarizability of resiclues mear
the region, anc by tke magnituce of tike solvent re-
action field potential. [n A- and Z-form DWA, the
®ajor grooves become more negatively polarired,
wiereas in B-forsa DNA the minor grove is more
negatively polarizec. Ix all cases, the prospirates be-
cowmae more electronegative clue to tie solvent stabi-
liration of the negative charges, and the ends of the
Relices are slightly electropositively polarired, most
likely due to the net charge stabilization by tke sol-

vent. (One might expect that charge cistribution in
the “gas piase” to be as clelocalizec as possible be-
cause of tre net —30 crarge of the DNA. The solvent
reaction field tends to stabilire localirec net charge,
leacing to a slight buildup of charge in the middle
of the kelix relative to the gas-piase crarge cistrib-
ution. [t should be pointec out teat the “gas-phase”
DNA is an artificial state, anc not meant to be in-
terpreted as a stable species, although it is useful
as a veference in cliscussion of the effects of solvent
stabilization.) [Recent experiments Rave skown teat
onovalent cations selectively partition into the wi-
nor groove of B-DN4A.% A - and Z-forms of DA are
wot the forms normally found uncer pihysiological
condlitions; Rowever, double Relices of RNA are typ-
ically A-forw. [t Ras been suggested that the A-DNA
and A-IRWA are very simailar in their electrostatic
features.* The negatively polarirzed major groove
in the A-DNA calculation is, therefore, consistent
with experimenta) observations*®* and theoretical
stucies* 8 that divalent meta! ions tend to bind to
the major groove of A-IRNA.

IFigure 4 shows the solvated electromic polar-
iration wap of tee Mg’*-bound Rammerkead ri-

Surface Potential

—
=0.250

0.000

FIGURE 4. The electronic polarization response density of the hammerhead ribozyme in solution. Units are in kT/e
(T = 300 K). Calculations were performed using the PM3 Hamiltonian®° and a buffer/matrix cutoff of 8/9 A.
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FIGURE 5. The relaxed Myb-DNA complex in solution.5’

borywme.*’ The groove becomes consicerably more

electronegative in potential. The Mg>" bincing sites

are relatively unaffectec in terms of polariration

firom the gas-phase calculation. [future work will be

concentratec on the preciction of metal ion binding
ites in [RINA.

_Awoteer useful property used to characterize
macromolecular electroxic structure is the electroxic
censity of states. As an example, consicler the ionic
binding of tke WMyb DNA binding comain with
DA (IFig. 5). The electronic density of states of the
isolated domains and tie complex are compared in
[figure 6. The states at the eciges of the energy gap
are most perturbec upox ionic bincling of DNA. The
DOS imameciately below tie Ifermi level increase,
and a slight overall skift of the DOS towarcls the
eclge of the gap occurs. The spatial resolution of the
molecular orbitals as a function of orbital energy
can provicle additional insight into the reactivity of
wmacromolecules, and is a focus of future work.

as been presentec.. Solvation energies, electrostatic
‘potential surfaces, and electronic density of states
Zave been calaulated to assess tie role of electronic
‘polariration tkat occurs in the process of solva-
tion and substrate bincing (in the case of the DNA
binding cowain of Myb). The wmethods presented
ZRere provide a Wew approack to the calculation
of macromolecular electromic properties that will
J2opefully extencd the insight anc preclictive capa-
bility of the maore widely usec classical methods.
In acldition to tie electrostatic potential, other use-
ful quantities used to characterize macromolecular
electronic structure arve being pursued imcluding
response properties of the density suck as linear re-
spomse functions, local Rarcness anc softaess func-
tioms, anc [Fukui functions. [t is the Rope that further
application of these teckmiques to real biological
‘problems will Relp to uncover new molecular in-
dlices correlatec to activity and guice future clirec-
tions in metRoclological cevelopment.

Conclusion

A survey of limear-scaling electrowic structure
applications to solvated biological macromoleciules
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FIGURE 6. The electronic density of states for the
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(top: Myb solid line, DNA dotted line); (2) complex and
superposition of states of the isolated species (middle);
and (3) a difference map between the complex and
superposition of states (bottom) showing how they are
perturbed upon complexation. Calculations were
performed using the AM1 Hamiltonian®” and a
buffer/matrix cutoff of 8/9 A.
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