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Surface-induced conformational changes in lattice model proteins by Monte Carlo simulation
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We present Monte Carlo simulations of thermal, structural, and dynamic properties of a 27-segment lattice
model protein adsorbed to a solid surface. The protein consists of a sequekaadid segments whose order
and topological contact energy values are chosen so that a uf@gU&Xx 3 cubig folded state occurs in the
absence of an adsorbing surfgde I. Shakhnovich and M. Gutin, Proc. Natl. Acad. Sci. US8, 7195
(1993]. The surface consists of a plane of sites that interact eiifexqually with all contacting protein
segmentgan equal affinity surfageor (ii) more strongly with typeA contacting segment&n A affinity
surface. For both surfaces, we find the conformational change of an initially folded protein to begin with a
continuous transition to a structure where all segments contact the surface. This is followed by a partial
refolding to a low energy state; this step is continuous and results in full surface contact for the equal affinity
surface and is activated and results in significant loss of surface contact fér affanity surface. We also
observe a lessdgreate) degree of average surface contact in the e@géffinity surface with an increase in

temperature.
DOI: 10.1103/PhysReVvE.65.031912 PACS nunier87.15.Aa, 05.10.Ln
. INTRODUCTION respect of bulk protein concentration and solutjpi [7].

Surface-induced conformational changes in proteins have

The adsorption of proteins at a liquid-solid interface playsbeen studied as well using microfabricated cantilever sensors
a major role in a wide range of biomedical and industrialto measure the surface stress produced by protein adsorption
applications. In certain cases—such as fouling of kidney di-onto metallic surfacef3].
alysis membranes, processing equipment or contact lenses The presence of a post-adsorption change in conformation
and the thrombosis arising from medical prostheses—er orientation also affects the overall protein adsorption ki-
adsorption leads to undesired events. In other cases, adsoimetics and has, therefore, been incorporated into coarse-
tion is exploited for technological gain. Examples of the lat-grained models by several authors during the past few years.
ter are chromatographic separations, new delivery methodéan Tasselet al. [9] proposed a particle level model where
for protein drugs(e.g., insulin, human growth factgrand the proteins were considered to be disks that adsorb sequen-
biosensing. Despite the practical importance of protein adtially, randomly, and without overlap onto the surface and
sorption on solid surfaces, our fundamental understanding aince adsorbed, undergo one of two competing post-
many associated phenomena such as bond formation beedsorption events: desorption or irreversible symmetric
tween proteins and surfaces, lateral diffusion, and conformaspreading to a larger diametgepresenting a conformational
tional and/or orientational rearrangements of adsorbed preshangé. Zhdanov and Kasemo have proposed a particle
teins is still limited. Among these, the conformational level model in which conformational changes may involve
rearrangements are particularly important as they affect pronutual penetrations between proteifi)]. These authors
tein adsorption kinetics, enzymatic activity, and ligand bind-[11] as well as other$12,13 have also examined models
ing [1]. that account for transport limitations.

To understand the properties and functioning of an ad- Both our experimental understanding of post-adsorption
sorbed protein, insight into conformational structure is essenconformational change and our ability to incorporate this
tial. The influence of adsorption on protein conformation de-event into mesoscopic model descriptions would be en-
pends on the properties of the sorbent material, the solutioianced by a more detailed theoretical analysis aimed specifi-
the structural characteristics of the protein, and the degree @fally at the conformational change. Toward this end, a lattice
surface filling. Considerable experimental evidence exists oflescription, where a protein is modeled by a chain of linked
surface-induced changes in conformation and orientation dfeads, is both simple and instructive. Monte Ca(f\dC)
adsorbed proteins. Spectroscopic methods based on fluoresmulation studies employing coarse-grained lattice models
cence, circular dichroism, Fourier transform infrar@el-  have provided insight into kinetic and thermodynamic as-
IR), and absorbance spectra provide powerful tools for invespects of protein folding in the bulisee, e.g., Dilet al.[14],
tigating the structural properties of proteins at interfaceKarplus and Sal[15], Shakhnovich16], and Pande, Gros-
[2-5]. Experimental studies of the activity and thermal sta-berg, and Tanak#l17]). Of particular importance are 27-
bility of immobilized enzymes by physical adsorption have segment model proteins whose units are either of #ue
shown that the adsorption process induces conformation&ype B; these represent hydrophilic and hydrophobic portions
changes and decreases the activity of the protein molecules the protein. With appropriately chosen segment-segment
compared to those in solutidi®]. Other methods like neu- interaction energies, this simple model protein is known to
tron reflection have been used to study the variation of thexhibit a folding transition by a rapid initial collapse to a
structure of adsorbed protein layers on solid surfaces witltoiled state followed by a slow, activated transition to a
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unique, low energy groundfolded) state that is a 33X 3 a)
cube[18,19.

Recently, similar lattice models have been adopted to
simulate proteins adsorbed at interfaces. Anderson, Pande,
and Radke have studied a single protein molecule adsorbed
at the oil/water interfac§20] and conclude that the protein
unfolds into an extended structure and thereafter is essen-
tially irreversibly attached to the interface. Zhdanov and
Kasemo have studied the kinetics of denaturation of this
model protein adsorbed to a solid surface. Their results show
that trapping in metastable states can prevent the transition to
a completely denatured staf2l]. Refolding of the model
protein has also been investigated by these authors: follow-
ing a rapid denaturation, they observe a slow partial refold-
ing [22]. Others have investigated somewhat shorter chains
at interfaces, including short homopolymé23] and more
proteinlike heteropolymei24]. In these systems, simulation
is not needed since a complete enumeration of all possible
conformations is possible.

In this paper, we present MC simulations of a 27 segment,
AB cubic-lattice protein adsorbed to a solid surface. We in-
vestigate a range of structural, thermal, and dynamic proper-
ties and consider two different adsorbing surfaces: one a
plane of sites interacting equally with all contacting protein
segmentgan equal affinity surfageand the other a plane of
sites interacting more strongly with segments of tfp@nA
affinity surface.

FIG. 1. (a) The 3x3X 3 cubic folded statéalso the unique low
energy statefor the model protein. All 28 topological contacts are
A. The protein/surface model system native, i.e., between segments of the same type. The ends of the
protein chain are marked with Aempty circle$ and B (filled

Our mOdfe' protein Is a "”e?]r’ self-avoiding chain of 27 . eq The sequence IABABBBBBABBABABAAABBAAAAAAB
segments of two typei®\ andB) that are constrained to near- [25]. (b) The three types of possible MC moves used to generate the

est neighbor positions on a cubic lattice. Contacts are formeghigurational space of the 27-segment lattice model protein. The
between two segments that are not successive in sequenggrent conformation is shown in thick lines. Possible new confor-

and are positioned at a unit distance from one another. Th@ations are shown in dashed lines. The segments to be moved are
sequence, shown in Fig(d, has arA:B ratio of 14:13[25]. shown in filled circles.

A fully compact structure corresponds to &3X3 cubic
arrangement containing 28 nativ@A or BB) topological
contacts and no non-natiyé&B) topological contacts.

The conformation of the protein is described by the COOlgnergy of solvation is implicit in this description.

dinatesr; (i=1,2,...N; where N=27). The conforma- The surface is simulated by a single layer of surface sites

tional energy is assumed to depend only on the number qf qie4 az= — 1. Segments in the adsorbed protein with the
topological contacts and is taken to have the simple form coordinatez,=0 are considered to be in contact with the

N surface. The adsorption energy is calculated according to
aiaje(ri!rj)l (1)

Il. MODEL AND METHODS

a conformation energy ..~ —84 in which all topologi-
cal contacts are formed by segments of the same type. The

N-3
Econ= E
i=1 N

Bags= 2, €q,58(2), @

€
j=i+3

where €ajar is the contact energy between segmenrasd j

located at positions; andr;, respectivelya; is the species Wherez=0 is the coordinate perpendicular to the surface,
of segment (a;=A or B), ande(r;—r;) is 1 if segments  €a;s iS the adsorption energy betweertof type «;) and a
andj are in contact and is O otherwise. If the contacts aresurface site,e(0)=1, ande(z>0)=0. In this paper, we
formed by segments of the same type, then the contact eronsider two protein/surface interaction rules. In one case,
ergy is eapa=€gg=—3 (in arbitrary energy unijsand the both segments interact with the surface sites with an energy
contacts are called native. If the segments are of differentorresponding to a native contact, i.eas= egs=—3. We
type, the contact energy is,g=—1 and the contacts are refer to this as an equal affinity surface. In the second case,
called non-native. This model has a unique ground state witthe surface contains only typesites; the corresponding ad-
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sorption energies areas=—3 and egs=—1. We call this -40.0 ; ' ' ' ' '

system theA affinity surface. One could think of this surface
as either strongly hydrophobic or strongly hydrophilic. The -60.0
total energy for an adsorbed system is givenHEyy=E;q.s
+ E.gs

(a)

—®bulk
B—H A affinity surface
A——4 equal affinity surface

-80.0 b

Eu>

B. The Monte Carlo method 1000t ]

For clarity, we first describe the procedure for a bulk |
model protein. We begin with an extended random self- - ‘r___‘___.—.—f’/"'//‘j
avoiding conformation. This is then iteratively updated by a
large number of small discrete changes brought about by

local moves that preserve nearest neighbor links and limit the 7.0 t f ‘ ’ ’ f
lattice sites to single occupancy. We employ one-segment (b)
moves(end and corngrand two-segment movesranksharfx 6.0 F \

as shown in Fig. (b). This algorithm was first developed to
study the chain dynamics of polymdi26—28 and has been )
extensively used in studies of the folding kinetids,19,29— . sof o Aattony stace |
31] and adsorptiofi20—23 of lattice model proteins. = Sopuk

v

Each MC step proceeds as follows. With equal probabil- 40
ity, either a one-segment or a two-segment move is selected. //
In the former case, a segment is selected at random anc
either an end or a corner move is performed. In the latter ' I
case, a nearest neighbor pair is selected and a crankshal )

move is performed. If the move violates the excluded vol- 20 A 15 16 17 18 19

ume constraint by moving a segment to an occupied site, it is kT

rejected and the old conformation is recounted. When a )

move does not violate excluded volume, the energy of the FIG. 2. Average values of the total energy and radius of
new conformation is calculated and compared with the origi-9yration(b) for a bulk protein and proteins adsorbed on equaland
nal value. The Metropolis criteriof82] is used to accept or affinity surfaces versus temperature. The units are as described in
reject the proposed move: if the total energy decreases, th%ﬁe text. The average etatlstlcal error in the results is smaller than
the move is accepted unconditionally. If the total energy in-" ¢ >'? of the data points.

creases, then ekp B(ELY—EQ®™)] is compared with a clude the total energf,, the square of the radius of gyra-
random number uniformly distributed between 0 and 1. Th&jon R2 the number of topologicalnative and non-native
move is accepted if the random number is smaller than th%ontactstp, and the number of segments contacting the
exponential E{e" andE(G are the total energies of the new syrfaceN,,,;. We also calculate dynamic properties during
and old conformations, respectively, afie- 1/kgT whereks  the production stage. These include the first passage
is the Boltzmann constant afldis the absolute temperature time—in MC step units—to a state of complete surface con-
(kgT is expressed in the same energy units asetparam-  tact, (i.e., of all 27 segmen}s 74, and the first passage
eters. If the move is rejected, the previous conformation istime to the groundminimum energy state,ry,. To minimize
reaccepted. statistical uncertainty, we include in the averages the results

The conformational change of a single adsorbed protein igf reweighted histograms from simulations performed at
simulated by considering the molecule to initially be in its nearby temperaturd83].

bulk native(folded) state with one of its side@he side con-

taining nineB segmentsin contact with the surface. The Ill. RESULTS AND DISCUSSION

energy of this state i&,,;=—2111 on the equal affinity sur-

face andE,,=—93 on theA affinity surface. The set of ~ We begin our analysis by presenting results of the mean

moves as described above is used to generate the conformélues of structural and thermal properties of the model pro-

tions of the adsorbed protein with the further spatial restrictein in the bulk and adsorbed on equal affinity and A affinity

tions that no segment may penetrate the surface and that sirfaces. In Fig. @), we show the mean value of the total

least one segment must always remain in contact with thenergyEy, as a function of the temperature. Proteins ad-

surface. sorbed on either surface possess a lower overall energy and
Each MC run consists of 2Gquilibration steps followed exhibit a variation with temperature that is relatively smooth

by 3% 10% production steps. We consider temperatures in the¢ompared with the bulk protein. The structure of these sys-

range of 1.8<kgT=<2.0. Four simulations are performed at tems can be evaluated by considering the mean square radius

each temperature for the protein in the bulk and for the proof gyration, defined aiR§>=(1/N2)2|’\';112}“:|+1|Fi—Fjlz

tein adsorbed on the equal affinity aAdffinity surface. We  [34] (N=27), a structural property related to the elongation

obtain, during the production stage, the mean values andf the model protein. In Fig. (8), we show that(RS) is

histograms of thermal and structural properties. These ingreatest for a protein on the most strongly adsorbing surface
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FIG. 3. Average values of the number of native and non-native -~ , The distribution—in Monte Carlo step units—of the

topological contact$a) and surface contact®) for a bulk protein number of topological contacts for tli@) equal affinity surface and

and protelns_adsorbed on equal a_mdfflnlty surfaces vs temperg-_ l?) A affinity surface at temperatures equalkgl=1.3, 1.4, 1.5,
ture. The units are as described in the text. The average statistic 7 and 2.0

error in the results is smaller than the size of the data points.

~17 at high temperature. There appears to be a balance be-
and smallest for the bulk protein. This reflects a more eloniween surface and internal interactions for a protein onithe
gated structure of the adsorbed protein. An increase in theffinity surface: relaxation occurs due to the strong interac-
radius of gyration of an adsorbed lattice protein has beetion of theA segments, yet a significant degree of topological
previously reported in studies at the water-oil interfg2@].  contact away from the surface is retained. In contrast to the
We see in all cases théRS} increases withT, reflecting a  observation for the equal affinity surface, here we see an
reduced ability to form internal contacts. increased degree of surface contact with increasing tempera-
Further information on the structure of the model proteinture. Interestingly, for both surfacel,,, is a property more
is shown in Fig. 3, where we present the mean number ofensitive to variations in the temperature tiNy,:. We note
topological contacts within the proteifiNy,; and the mean that although the variation N, with temperature in the
number of segments contacting to the surfdbg,p, as  bulk protein is quite large, its degree of elongation is always
functions of the temperature. It is clear that the protein on théess than that of the adsorbed proteins.
equal affinity surface undergoes a severe structural change In Figs. 4a) and 4b), we show the distribution dfl,, for
due to a significant loss of internal contacts: on average, onlproteins on the equal araffinity surfaces at different tem-
15 (at low temperatureto 13 (at high temperatusdopologi-  peratures. For both surfaces, we find local maxima at full
cal contacts are formed, compared to 28 in the fully foldednternal contact K,,=28) and at partial internal contact
structure. However, its degree of internal contact is less serN,,<28). The distribution for theA affinity surface is
sitive to temperature than that of the protein in the bulk or ormuch broader, indicating a large conformational heterogene-
the A affinity surface. In addition, most of the 27 segmentsity away from the folded state.
contact the equal affinity surfa¢this only decreases slightly In Fig. 5, we present the probability distribution functions
with temperaturg indicating that most of the topological for the total energy. For the protein adsorbed on the equal
contacts in the protein are formed in the plane of the surfaceaffinity surface, the ground state probability remains quite
When the protein is adsorbed to tAaffinity surface, the low at all temperatures. A single sharp maximum occurs that
conformational changes are less drastic. We find that the prahifts steadily to higher energy values with increasing tem-
tein retains an intermediate degree of internal contact aftguerature as would be expected for a continuous transition.
adsorption with(Ny,,)~20 at low temperature an(N,,,)  The ground state of this system, wij,=—130, is degen-
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erate and populated by conformations with 27 adsorbed seg-82, and —83, are not possible in this system, hence the
ments and 17 topological contadtsf which 16 are native  gaps in the energy spectrum.
This corresponds to compact structures in the plane of the By considering each MC step as a unit of time, dynamic
surface[see, for example, Fig.(8]. Complete surface con- properties are discernible from the simulations. In Fig. 7, we
tact (Ng, = 27) may also occur at energies above the grounglot the average time to reach complete surface cofitact
state level for conformations possessing fewer topologicabf all 27 segmenis 7.,s, and the average time to reach the
contacts. This suggests that the protein may realize full surground state energy,,, vs temperature(These definitions
face contact and then, by internal rearrangements that lowérave been previously used in MC studies of adsorbed lattice
the total energy, reach one of the ground state conformationproteins[22].) As we mention above, complete surface con-
For theA affinity surface, we find that at low and inter- tact may occur at energies above that of the ground state for
mediate temperaturékgT=1.3, 1.4, and 1.6 the ground both model surfacegln the case of the equal affinity sur-
state level corresponds to a secondary maximum. The prirface, the ground state is also one of complete surface con-
cipal maximum occurs at a higher energy and moves steadiltact) For both surfaces, we observe that the first time to a flat
outward as the temperature is increased. This indicates thatructure is always at least an order of magnitude smaller
upon adsorption, both continuous and activated transitionthan the first time to the ground state energy. We also observe
are possible. In particular, the level correspondingEtg  that complete contact and minimum energy are reached more
=-—108 is a minimum at each of these temperatures. At higlguickly on the equal affinity surface and that the rates gen-
temperature, the histograms are clearly unimodal. Therally increase with temperature. An exception occurs at very
ground state of this system, with total eneilgy,=—110, is  high temperature on th& affinity surface where the time for
not one of complete surface contact, but rather one with @omplete contact begins to increase, indicating the entropic
considerable degree of self-contdsee, for example, Fig. unfavorableness of the completely contacting state. In all of
6(b)]. This state is highly degenerate with most conforma-our runs, a completely contacting state is reached before a
tions having 25 topological and 15 surface contacts. Sincground state. Thus, for both surfaces, the mechanism of con-
some higher energy states involve complete surface contafdrmational change involves an initial unfolding of the pro-
(with energies— 55<E,,<—104), the protein may reach the tein followed by a partial refolding. On the equal affinity
ground energy by initially adsorbing at or near full contactsurface, the refolding is continuous and results in a compact
and then forming topological contacts away from the surfacdlat structure and on thA affinity surface, the refolding is
while reducing its number of surface contacting segments. activated and results in a three-dimensional structure with
In the case of the bulk protein, the low temperature plotsconsiderable internal contacts. Previous simulations of the
display a multimodal distribution. As the temperature is in-reconfiguration of adsorbed proteins have also reported re-
creased, the relative heights of the peaks change; this indfelding [22]. Our results are consistent with experimental
cates an activatedolding) transition. At higher temperature, observations of adsorption-induced conformational changes
a single peak moves steadily to higher energy values a85] and with the observation that at high temperatures the
would be expected for a continuous transition. These resultsate of conformational changes is faster than at low tempera-
are in complete agreement with previous calculations for thisures[2]. Although the rates vary significantly, the thermo-
model [18]. Five energy levelsE ,.~=—77, —79, —81, dynamic average number of surface contacthlg,y,
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A (dashed lines on equal andA affinity surfaces, as functions of
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FIG. 6. An example of an adsorbed conformation in the groundteir-]' Controliing the strength'of the §egment-segment inter-
n - . action, the segment-surface interaction and the temperature,
state on(a) the equal affinity surfacgwith total energy E, - L L .
—_130 and (b) the A affinity surface (with total energyEq a wide range of COﬂd!tIOﬂS can b_e studied in great detalil.
—_110. We find conformational behqwor to depend strongly on
surface type. For a surface that interacts equally wigndB
) ) , . segments, we find the model protein to undergo a continuous
changes little with temperaturigFig. 3b]. Examining the  -onformational change upon adsorption leading to a structure
distribution of 7y, for both surfaces in Fig. 8, we find that j, complete contact with the surface with a low degree of
the variance in time is quite large, spanning about two orderg e na| contact. For a surface that interacts more strongly
of magnitude about the medthese data were obtained from it the A segments, we find the model protein to undergo a
100 MC runs. The variance inry,, as seen in Fig. 9, IS continuous transition to a structure in complete contact with
significantly smaller. the surface, followed by an activated transition to a structure
with a lower degree of surface contact but a higher degree of
IV. DISCUSSION AND CONCLUSIONS internal contact. For both surfaces, a fully contacting state is
reached before the low energy state.

The changes occurring in the three-dimensional structure Although direct comparison to experiment is difficult,
of a real protein when adsorbed to a solid surface are still namany of our findings appear to be in line with experimental
clearly identified despite the wide interest in and practicalobservations and help provide clues to governing mecha-
importance of this phenomenon. Internal rearrangements arésms. For example, differential scanning microcalorimetry
caused by competing protein-surface and protein-protein inexperiments of globular proteins show the extent of confor-
teractions. Simple models allow one to investigate this commational changdas measured by the enthalpy of denatur-
petition. The 27 segmenAB lattice representation adopted ation) to be greatest on strongly adsorbing surfa@smea-
in this paper is a coarse-grained description that makes sured by the enthalpy of adsorptidi35]. This observation is
complete and detailed examination possible. We simulate thiully consistent with our observed increase in radius of gy-
adsorption of a single model protein to isolate the effect ofration on the more strongly adsorbing equal affinity surface.
the surface on conformational changes in the adsorbed préss another example, FTIR spectrometry shows the rate of
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FIG. 8. Distributions of the time of the first passage from an _"IG. 9. Distributions of the time of the first passage from an

initially folded adsorbed state to a state of complete surface contadfitially folded adsorbed state to a state of lowest energydpthe
for (a) the equal affinity surface an) the A affinity surface. The €gual affinity surface antb) the A affinity surface.

data for each curve were obtained from 100 MC runs. finity surface system These and other results attest to the

fact that adsorbed protein conformational behavior depends
conformational change to be greater on more strongly adstrongly on the nature of the surfa®-5,37. Simple lattice
sorbing hydrophobic surfacé86]. We also observe a more Models allow one to analyze—efficiently and in great struc-
rapid transition on the more strongly adsorbing of the twotural detail—the conformational behavior as a function of
surfaces considered here. Finally, calorimetric experiment§€rtain energy parameters over a range of conditions.
indicate that proteins adsorbed on silidaydrophilio sur-
faces exhibit a heat-induced transition while those adsorbed ACKNOWLEDGMENTS
on teflon(hydrophobi¢ surfaces do not show a transitif3i. We acknowledge financial support from the National Sci-
Our observations would suggest the former to be an activateehce Foundation CAREER Program through Grant No. CTS-
transition(as we see in thA affinity surface systejnand the 9733310 and the National Institutes of Health through RO1-
latter to be a smooth transitiofas we see in the equal af- GM59487.
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