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The kinetics for the assembly of viral proteins into a popataof capsids can be measured in vitro with size
exclusion chromatography or dynamic light scattering gbitacting mechanistic information from these studies
is challenging. For example, it is not straightforward ttedmine the critical nucleus size or the elongation time
(the time required for a nucleated partial capsid to growmetion). We show that, for two theoretical models of
capsid assembly, the critical nucleus size can be detednfiiam the concentration dependence of the assembly
reaction half-life and the elongation time is revealed l® léngth of the lag phase. Furthermore, we find that
the system becomes kinetically trapped when nucleatioarhes fast compared to elongation. Implications of
this constraint for determining elongation mechanismmfexperimental assembly data are discussed.

I. INTRODUCTION In a contemporary article related to the current study, Mo-
rozov and coworkers [9] consider simplified capsid assembly
. - . ) models in which nucleation occurs via a single dimerization

. The assem_bly of protein bu_ﬂdmg blocks into a shell or €aP-event, which enables a elegant analytic solution. They show
sid’ is essential for viral replication and thus understagd that the early phase of assembly can be characterized as a

the mechanisms by which assembly proceeds could identifyy, . front and that for some conditions prohibitively long

targets or _opportunitigs for novel anftiviral thefaPieS- WHO  ime scales are required to reach equilibrium. In this woek w
ever, despite extraordinary progress in determining thest consider nucleation as an explicit multistep subunit aolalit

tures of assembled lcapS|gs, ?ssgrrl;bly mecftﬁlms:ns Ior maﬁzocess, with the objectives of understanding the conaentr
VIrUSes remain poorly understood because e Structures i, , dependence of overall assembly times and learning how

transient assembly intermediates have been inaccessible &, ,qjeation and capsid growth times can be inferred from ex-
perimentally. The kinetics for spontaneous capsid assem erimental light scatter measurements

bl
in vitro have been measured with size exclusion chromatograP
phy (SEC) and dynamic light scattering (e.g..[1,/12,3/ 4] B, 6]
but extracting mechanistic information such as the ciitica Il. MODELS
cleus size or the time to assemble an individual capsid has

been challenging. In this article, we theoretically exagnino Zlotnick and coworkerd 4] 8] have developed a system of

models for capsid assembly kinetics to show that these prop. te equations that describe the time evolution of conaentr
erties can be determined from the concentration dependené% q

of median assembly times and the lag phase. ons of empty capsid intermediates

Assembly kinetics in vitro have been measured for a num- dpy N
ber of icosahedral viruses (e.g! [1/2] B, 4,15, 6]) and demon- i —f168 + baco + Z —ficic1 + bic;
strate sigmoidal growth characterized by a lag phase, rapid i=2
growth, and finally saturation (see Figl 1). Zlotnick and de; _
coworkers|[2] 7/ 18] showed that partial capsid intermediate o = fimacia - fiac 1=2...N
assemble during the lag phase, but it has often been assumed —bic; + bip1cit1 (1)

that the duration of the lag phase corresponds to the time re-

quired for the concentration of critical nuclei to reachastg  where N is the number of subunits in a complete capsid,
state, in analogy to models of actin nucleation. However, inis the concentration of intermediates withubunits,f; is the

this work we show that because light scatter signal measuresibunit association rate constant for intermediatghich is

the mass-averaged molecular weight of assemblages [4] andlated to the dissociation rate constant by detailed loalan
SEC usually monitors complete capsids, the length of the lag; = fexp(Ag;/ksT)/vo, with Ag; the change in free en-
phase is related to the elongation time, or the time reqdimed ergy due to association of the subunit, agds the standard

a nucleated partial capsid to grow to completion. Similarly state volume. Following Ref.|[8], transitions between iinte
the critical nucleus size cannot be reliably determinednfro mediates are only allowed through binding or unbinding of a
the concentration dependence of initial or maximum growthsingle subunit and there is only one intermediate for eazdh si
rates[[8], and a method to do so using the extent of assembly

[8] is data-intensive. We demonstrate that the criticalews We consider two models for intermediate free energies and
size can be identified in a straightforward manner from theassociation rates. In the simple nucleation and growth ode
concentration dependence of the median assembly time. Fihenceforth referred to as ‘NG)[2], the association rata-c
nally, we show that the system becomes kinetically trappedtantf is independent of intermediate size and association free
when the elongation time becomes long compared to the timenergies are given b g; = gnuc before nucleationi(< nnuc
scale for nucleation. and Ag; = gelong during elongationsn,. < ¢ < N — 1),
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where nnyc is the critical nucleus size. Since insertion of by fc; andbeiong = f €xp(gelong) /vo, respectivelyl[22, 23]

the final subunit generates the most new contacts, we set 9 N1
Agn—1 = 2gelong OUr conclusions would be the same for an Telong = Tlelong ( belong ) (be"’”g) .
irreversible final assembly step. Although simple, this elod fa fe1 — betong fa

has been shown to reproduce experimental assembly kinetics

for several viruses [2, 5]. Nucleation is usually assumed tdh the limit of fe; > beiong EQ.[3 can be approximated to give
correspond to completion of a polygon (e.g. a pentamer ofelong = (N — nnuc)/ fe1, while similar forward and reverse
dimers for CCMV [3] or a trimer of dimers for turnip crinkle reaction ratesfc; ~ beiong giVeSteiong ~ (N — nnuc)*/2fc1.
virus [10]) and could include intertwining of flexible terngil ~ We will see that when elongation is fast compared to nucle-
arms as well as subunit conformation changes. In this worktion, the duration of the lag phase in capsid completion-mea
We USegeiong = 2¢nuc IN Zlotnick and coworkers’ formula-  Surements is given bifag = Telong Calculated from Ed.I3 with
tion, the nucleation and elongation phases are distingdish ¢1 = Co-

by having different forward rate constants rather than dif- Under conditions of constant free subunit concentration,
ferent association free energies’ but the current prgjmm]ta we could derive the average nucleation time with an equation
yields similar behavior and seems easier to justify phylsica analogous to Eq.I3 |[8, 23]

- belong

For simplicity, we neglect geometrical statistical fast@r; in . b 2 /0 7
Ref. [8]). Fmax n _ ( nuc ) <ﬂ:>
We also consider a model for capsid assembly based on feo = boue feo = {)””C feo
classical nucleation theory (henceforth referred to asTQN ~f texp(Gn/ksT)cy " (4)

suggested by the Zandi and coworkers [11], in which the ung
satisfied subunit-subunit interactions in a partial cajster-
mediate are represented by a line tensigomand the binding
free energy is

ecause free subunits are depleted by capsid nucleation and
growth during spontaneous capsid assembly, however, the
nucleation rate never reaches this value and net nucleation
asymptotically approaches zero as the concentration of com
pleted capsids approaches its equilibrium value. Insteaat;

ing the system as a two-state reaction with-th order kinet-

ics yields an approximation for the median assembly time

the time at which the reaction is 50% complete

with g the binding free energy per subunit in a complete
capsid,l; = 2(7/N)'/2[i(N — i)]*/? as the number of sub- ) o
units on the perimeter of the partial capsid and= —gc/2 _ 2P -1h A _h

[11]. The time evolution of intermediate concentrations is = TETNF P (Ga/keT) cg )
solved using Eq.]1, with the rate constants relatedby=

fiexp[(G; — Gi—1)/ksT]/vo, and association rate constants \g,;vil\tgnnb; ga”&_fé'r ﬁ]"e z,\(ﬁ ;éé@luc;%gzgiemggﬂngf
are proportional to the perimeter lengffa,= fLi. This model jum fraction of subunits in complete capsids, which can be

- I
seems more realistic thar_1 _the NG mode_l for later stages q alculated from the law of mass action [13] 24]. For condi-
capsid assembly, but additional complexity may be required: . . :

ions under which most assembled subunits are in complete

to properly describe nucleation or formation of the firstypol capsids, the equilibrium completion fraction is given bg][2

gon. eq _ peANT] _ _ i
We note that both models neglect the possibility of Capsm?ﬁ%di%%eepe,\‘nqéréy Ofe );péon?ﬁe{t]?g;)pv;ilgh gl_}évea}zé?oej\}gftlal

with malformed or nor_l-native structures, WhiCh are fczur‘td fo; Eq.[3 accounts for the fact that subunits are depleted by
some parameter sets in dynamical simulations|[12, 13, 14, 1%1 ;
16,117, 18| 19], and association of int diates|[13, 2P, 21 ach assembled capsid. .
hld LB ation of IntermediieblU D, When capsid growth times are negligible compared to nu-
We Integrate the system of d|ff_erent|al equations (BQ- 5 NUcleation times, the expressions E¢. 3 and[EBq. 5 respectively
merically, with the initial conditior; = co, wherec, is the predict the duration of the lag phase and the overall median
total subunit concentration. assembly time. However, as first noted by Zlotnick [7] the
reaction becomes kinetically trapped if free subunits ae d
pleted before most capsids finish assembling. It was recentl
I11. ESTIMATING TIME SCALESFOR NUCLEATION suggested [9, 23] that this trap occurs at parametgrandc,
AND ELONGATION for which the rate of subunit depletion by nucleatidvy¢ ™2
is equal to the elongation rate. We find that EEds. 3[@nd 5 begin
It is useful to write the overall capsid assembly timas  to fail a crossover concentratiepfor which initial nucleation
T = Thuc + Telong With Thye @and 7eiong the average times for and elongation rates are equal, but the system becomes kinet
nucleation and growth, respectively. If we assume the coneally trapped at a larger concentratiapdefined by the point
centration of free subunits is constant during the assewibly at which the median assembly timg, matches the elonga-
a given capsid, the average time for a capsid to complete thigon time. These concentrations are related to binding free
elongation phase in the NG model can be calculated from thenergies and other parameters by
mean first passage time for a biased random walk with a re- Tetong ~ T/
flecting boundary conditions at,.c and absorbing boundary elong ™~ Tnuc
conditions atV, with forward and reverse hopping rates given Telong ~ T1/2 for co = cu. (6)

for co = c¢
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FIG. 2: The end of the lag phase is measured by making a lirtear fi
075 the assembly kinetics trace at the point of maximal growté @).
) The lag time (+) then corresponds to time at which the fit (desh
5 line) crosses the baseline. Plots are showreoe 20:M.
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& pated by Ed.16 a kinetic trap occurs for subunit concentnatio
0.25 larger thar; =~ 60uM in which the growth of nucleated par-
tial capsids is stymied because the system rapidly becomes
starved for free subunitsi[2, 8].

We calculate light scatter signhlk from the mass-averaged
t [sec] molecular weight of assemblages [2]. Since light scattésun
are arbitrary, we normalize calculated light scatter/f¥yto
FIG. 1: The time dependence of capsid assembly varies with in 9ive 1 if all subunits are in complete capsida(= 1). As
tial subunit concentrationo. (a) The completion fractionPy as a ~ Shown in Fig[lb, the calculated light scatter closely teack
function of time for indicated initial subunit concentats. (b) The  the completion fraction for initial subunit concentratiole-
calculated light scatter closely tracks completion fmwmtuntil ki-  low ¢ ~ 38uM, since the majority of assembled subunits
netic trapping sets in. The calculated light scatter (ddsines) and  are found in complete capsids once the lag phase is complete.
completion fraction (solid lines) are shown as a functioiténoe (on This correspondence completely breaks downcy when

a logarithmic scale) for indicated initial subunit congatibns, with  thare gre significant concentrations of partial-capsiering-
gnuc = —TksT, N =120 andf = 10° M~ 's™ !, diates

The concentration-dependence of median assembly
times and lag times. The median assembly times (reaction
half-lives), and lag times numerically calculated for thele-
ation and growth model with respect to the completion frac-
tion Py and calculated light scatter are given in Hi§j. 3. As
illustrated in Fig[2, lag times are extracted from numérica
solutions for each parameter set with a linear fit to the assem

We explore the concentration dependence of assembly kbly trace at the point of maximal assembly ratk(/dt or
netics by numerically integrating the system of rate equsti 7, s/dt). The lag time is given by the intersection of the
(Eq.[d) over a range of initial subunit concentratiegs We linear fit with the baseline value, which is 0 for the com-
start with the NG model, with representative parameters: thpletion fraction and roughly /N for calculated light scatter.
contact free energynuc = 7hksT' (=~ 4 kcal/mol) [26], capsid  Note that for initial subunit concentrations beloyy lag times
size N = 120 corresponding to 120 dimer subunits in hep-for both the completion fraction and calculated light seatt
atitis B virus [26], the critical nucleus siz&,,c = 5, and the  are inversely proportional tey, and the mean first passage
subunit association rate constgnt= 10> M~!s~! [5]. time estimate (Ed.]3) for the capsid elongation phasgg

The fraction of subunits in complete capsiglg which can  closely predicts the lag time for completion fractions. Tawe
be monitored by SEC, is shown as a function of time for sevtime for light scatter is shorter than for the completiorcfra
eral initial subunit concentrationg in Fig.[d. In all cases tion because signal is integrated over all of assemblages, b
there is a lag time while intermediates assemble, followed b demonstrates the same scaling. Hence, for this model, lag
rapid appearance of complete capsids and then eventutlly sdéimes measured foPy (SEC) or light scattering are associ-
uration of growth. The rate of capsid formation is nonmono-ated with the elongation phase, or the time required to lkauild
tonic with respect to initial subunit concentration; asi@gnt complete capsid. This correspondence begins to break down

with 7@ andry, respectively given by Efl 4 and EQ. 5.

IV. NUMERICAL RESULTS
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elongationtime is negligible compared to the overall agdgm
time belowc.. The close correspondence between the theoret-
ical and numerical median assembly times belgwuggests
5 10 50 100 Fhat this quantit_y may provide a s?mple alternat!ve to the cr
ical nucleus estimator presented in the appendix of Ref. [8]
Cp [UM] o ) ) .
As anticipated, the kinetic trap poink; roughly corre-
sponds to the point at which the time to build the capsid be-

FIG. 3: The median assembly times, (a) and the lag timesisg comes longer than the average nucleation time [Eq. 6). As-

(b) calculated from the completion fractiofi() and calculated light S€MPly eventually occurs abovg as large partial capsids
scatter {is) are shown as functions of initial subunit concentration SC&venge subunits from smaller intermediates. However, we

co. The estimates for the nucleation time (Eh. 5 with. = 5) and ~ Caution that alternative capsid morphologi€s [5] and/o-ma
lag time Eq[B are shown as dashed lines, and the estimatésefor formed capsids [13, 14], which are not considered in these
crossover concentratian and kinetic trap concentratiom: (Eq.[8)  models, may occur at binding free energies and subunit con-
are shown as symbols on the estimated nucleation curve. centrations above.

As evident from Eq[B, the critical nucleus size can also
be identified by evaluatingn 71,2/ Py as a function of the
at the crossover concentratian(Eq.[8), when the concentra- subunit-subunit association free energy.. We find that
tion of free subunits is depleted before the first capsidsHini agreement between the theoretical predictions and nuateric
assembling. Above this point, the molecular weight averagéesults is insensitive tgn,c andnnyc.
growth rate becomes dominated by dimerization and hence Maximum assembly rates. As noted by Endres and Zlot-
varies inversely with the square of initial subunit concant nick [€], it is not possible to relate the critical nucleugesto
tion. The relationship between the lag time and the elongati initial assembly rates due to the presence of the lag phase. A
phase of capsid assembly discovered here explains the-obséw concentrations, though, the maximum assembly rates ap-
vation of Endres and Zlotnick|[8] that the duration of lagéim proach the initial nucleation rate given in Eq. 4, as shown in
is proportional to the elongation forward rate constant. Fig.[4, and thus nearly scale witﬁ"““l. However, because
The reaction half-life (median assembly time), is given ~ the maximum assembly rates deviate from the theoretical pre
by Py(m12) = ().5PNeq for the completion fraction, or the anal- diction well below the crossover concentratiay it appears
ogous relation for calculated light scatter. Belawhalf-lives ~ that median assembly times are a more robust predictor of the
measured with light scatter and completion fraction agreéritical nucleus size.
quantitatively, as anticipated from F[g. 1b, and agreeeatios Theclassical nucleation model. To evaluate if our conclu-
with the two-state nucleation kinetics estimate (Elg. 5). Insions are model dependent, we also consider the concentrati
Fig.[3a the numerical and theoretical half-lives are normaldependence of assembly times and lag times for the classical
ized by the equilibriunP{to emphasize that the scaling with nucleation model (CNT, Eql2). To facilitate comparison of
concentration identifies the critical nucleus size_yg/PNeq x the two models, we sgi = 13.8kgT andf = 10°/ sz,\’_l l;
cg”“’l. The fact that assembly times can be predicted fronso thatP,f]q and the average association rate constant are the
nucleation kinetics alone can be understood by noting tieatt same for both models. As for the NG model, the calcu-
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lated light scatter closely tracks the completion fractim oz |
low the kinetic trap point, and as shown in Fig. 5 the lag '
phase for both quantities lies close to the random walk esti- 0 ;
mate for the elongation time (EfQl 3). The most significant 10° 10 102
difference between the two models is that the critical nu- Co UM

cleus size in the classical nucleation model varies with sub

unit concentration [11]nnue = 0.5N (1 — T(T'? + 1)'/2 with

' = [gc — In(civ)]/o with vo the standard state volume, rg g, Completion fractions at indicated times are showfuas-
which gives) < nnye < 4 for the simulated range of initial ions of initial subunit concentration, for (a) the nucleation and
subunit concentrations. The reaction half life, however, a growth model andb) the classical nucleation model. (a) and(b),
pears to scale roughly as,/ Py o ¢, because the effective the kinetic trap pointsi corresponds to the maximum iRy with
critical nucleus size increases over the course of theiogact respect tay att = 2000.

as free subunits are depleted.

For all parameter sets we considered, the CNT model
demonstrates a large effective critical nucleus size asdhe V. DISCUSSION AND OUTLOOK
centration is reduced below. Hence, analyzing the concen-

tration dependence of experimental median assembly times |n this work we examine two theoretical models for capsid
could be one way to evaluate which of the CNT model or NGassembly, for which we find that the duration of the lag phase
model better represents capsid assembly mechanisms. measured by SEC or dynamic light scatter is related to the
The slow approach to equilibrium. We note that accu- time for a nucleated capsid to grow to completion, and hence
rate estimation of?” is not necessary to obtain the critical scales inversely with initial subunit concentration. Winen
nucleus size fromr,, since nucleation rates have such a dra-cleation of new partial capsids is faster than this growtteti
matic concentration dependence even at subunit concentrtiie system becomes kinetically trapped due to starvation of
tions for whichP,f]q > 0.5. This observation could be impor- free subunits, meaning that capsid formation rates deeseas
tant, since the median assembly times shown in Eigs. 3alandwith increasing initial subunit concentration. If theraisell-
extend beyond experimental feasibility at low concentragi  defined critical nucleus size, it can be identified from thed-sc
(see Fig[h), particularly for the CNT model because of theng of the median assembly time with respect to initial subun
large effective critical nucleus size. Furthermore, agddity  concentration. Although highly simplified, the nucleatard
Zlotnick [7], capsid assembly approaches equilibrium gsym growth model we consider here has been shown to closely
totically. Therefore, when estimating(® it is important to ~ resemble experimental capsid assembly dgtal[2, 5] and our
plot Py(t) on a logarithmic scale to judge equilibration, and it findings therefore suggest new approaches to analyzing and
may be necessary to extract the contact free engrgyr gc  interpreting experimental data to characterize assembthm
from fits to kinetic data over a series of concentrationsJ2, 5 anisms.
The slow approach to equilibrium due to nucleation barriers These predictions have important implications for obtain-
was noted from simulations in Ref. [13] and is discussed foing mechanistic information about capsid elongation (ghow
the classical nucleation model in Ref. [9]. after nucleation) from bulk in vitro assembly kinetics expe



iments. The fact that overall reaction times are closely precapsid protein. Thus, experimental systems in which capsid
dicted by an expression based solely on nucleation kingticsassembly is induced by nucleic acids|[29], synthetic pokgme
Eq.[8, Fig[B) when assembly is most efficient, suggests thdB0,/31], nanoparticles [32], and portal or scaffoldingteins
the lag phase contains the most information about elongatio [33,134,35] could be used to elucidate elongation mechanism
In fact, the preceding analysis demonstrates that the geera (although assembly mechanisms can be influenced by the het-
elongation time and hence the average growth velocity durerogeneous component [23] 29| 36]).
ing elongation are directly related to the duration of thgg la  Finally, we note that processes not considered in this work,
phase. Additional mechanistic information about the eteng such as transitions between assembly active and assembly in
tion process could be obtained if the distribution of growthactive conformations of free subunits [6] or hierarchicad a
times could be deconvolved from the distribution of nucle-sembly [37] would add additional complexity to analysis of
ation times. The kinetic trap criterion, however, limitgsth the lag phase. A systematic comparison of model predictions
possibility by constraining growth times and hence the lagwith experimental assembly data over a wide range of con-
phase duration to be short compared to nucleation times.  centrations could reveal additional features of compjeixt
This constraint could potentially be overcome in severalassembly mechanisms and suggest model improvements.
ways. The distribution of elongation times can be directly Acknowledgments| am grateful to Jane’ Kondev for a dis-
measured in experiments that monitor the assembly of iddivi cussion that led me to investigate the origins of the lag @has
ual capsids, since the elongation and nucleation phasdsecan Funding was provided by Award Number RO1AI080791 from
separated [27]. For bulk assembly studies, recent theateti the National Institute Of Allergy And Infectious Diseasesla
studies|[23, 28] found that robust assembly is possible undeby the National Science Foundation through the Brandeis Ma-
conditions of fasheter ogeneous nucleation if there is excess terials Research Science and Engineering Center (MRSEC).
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