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ABSTRACT: Human adenovirus (Ad) is an icosahedral, double-stranded DNA virus that causes infections of
the respiratory tract, urinary tract, and gastrointestinal tract. Assembly of virus particles requires condensa-
tion and encapsidation of the linear viral genome. This process requires sequence specific binding of two viral
proteins, called IVa2 and L4-22K, to a conserved sequence located at the left end of the viral genome, called
the packaging sequence (PS). IVa2 and an alternatively spliced form of L4-22K, called L4-33K, also function
as transcriptional activators of the major late promoter (MLP), which encodes viral structural and core
proteins. IVa2 and L4-33K bind to identical conserved DNA sequences downstream of the MLP, called the
downstream element (DE), to activate transcription. To begin to dissect how the Va2, L4-22K, and L4-33K
proteins simultaneously function as transcriptional activators and DNA packaging proteins, we need to
understand the thermodynamics of assembly of these proteins on DNA that contains the PS as well as the DE.
Toward this end, we have characterized the self-assembly properties of highly purified, recombinant L4-22K
protein. We show that L4-22K reversibly assembles into higher-order structures according to an indefinite,
isodesmic assembly scheme. We show that the smallest polymerizing unit is likely the L4-22K monomer
(520w =2.16 £ 0.04 S) and that the monomer assembles with itself and/or other aggregates with an equilibrium
association constant, L, of 112 (102, 124) uM~" (0.1 M NaCl, pH 7, 25 °C). A mechanistic consequence of an
isodesmic, indefinite assembly process is that the free concentration of the smallest polymerizing unit cannot
exceed 1/L. We discuss the implications of this observation with respect to the thermodynamics of assembly

of L4-22K and IVa2 on the PS.

Human adenovirus (Ad)' is a nonenveloped, icosahedral virus
that causes respiratory, ocular, urinary tract, and gastrointestinal
tract infections (/). Ad causes significant levels of morbidity in
immunocompromised individuals, such as organ transplant
recipients who are taking immunosuppressive drugs, and in some
cases can lead to death (/). Ad genome encapsidation is the process
by which the viral genome is sequestered inside the capsid,
eventually leading to production of infectious virus particles (2, 3).
Genome encapsidation requires the sequence specific binding of
two viral proteins, IVa2 and L4-22K, to the packaging sequence
(PS) located at the left end of the linear genome (4—7). The PSis
composed of multiple copies of repeated sequence elements,
called A repeats (8, 9), which suggests that cooperative binding
of multiple copies of IVa2 and L4-22K on the PS is required to
signal the genome encapsidation reaction (4, 6).

In addition to their roles in signaling genome encapsidation,
IVa2 and an alternatively spliced variant of L4-22K, called L4-
33K, also function to stimulate transcription of the major late
promoter (MLP) (10), which predominantly controls production
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of viral structural and core proteins required for construction of
infectious virus particles. This is accomplished by sequence
specific binding to the so-called DE sequence, which resembles
(but is not identical to) a single copy of an A repeat (10—12).
Although the L4-33K protein recognizes the same DNA sequence
that L4-22K recognizes, L4-33K does not support viral DNA
encapsidation (). Thus, if L4-33K is produced to high levels in
the cell, it is expected that it would compete with L4-22K for
binding to the PS and subsequently inhibit production
of infectious virus particles. Furthermore, recent data suggest that
the L4-33K protein, and not the L4-22K protein, is required for
stimulation of the MLP (10). If this is correct, then production of
the L4-22K protein would be expected to compete with that
of L4-33K for stimulation of transcription of the MLP.
Transcription from the MLP is required to produce optimal
concentrations of viral proteins for construction of infectious
virus particles. Once these optimal concentrations have been
reached, viral genome encapsidation must ensue, which requires
binding of Va2 and L4-22K to identical sequence elements
present in the PS that are present in the DE sequence. An
important question that arises from these considerations is how
the IVa2, L4-22K, and L4-33K proteins simultaneously control
transcription from the MLP while also signaling viral genome
encapsidation from the PS, when they use the same DNA
sequences for specific binding. To develop a quantitative and
predictive model of this process, we must understand the
thermodynamics of assembly of 1Va2, L4-22K, and L4-33K on
the PS and DE sequence. In pursuit of these aims, we have
characterized the self-association properties of the highly purified,
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recombinant, L4-22K protein. We show that L4-22K reversibly
assembles into large, higher-order structures, up to ~70-mers at
total monomer concentrations approaching 10 uM. We are able
to quantitatively model this assembly according to a reversible,
indefinite isodesmic assembly model. We discuss some biological
implications of macromolecules participating in indefinite assem-
bly reactions.

EXPERIMENTAL PROCEDURES

Reagents. LB broth and LB agar were purchased from Fisher
Scientific. Chitin beads were purchased from New England
Biolabs. Q-Sepharose FF and SP-Sepharose FF chromatog-
raphy resins were purchased from GE Healthcare. TCEP-HCI
was purchased from Thermo scientific. Urea was purchased from
Fisher scientific.

L4-22K Protein Purification. The L4-22K gene was cloned
into pTYB4 (NEB) using a published protocol (4) and trans-
formed into Escherichia coli BL21(RIPL) (Stratagene). The cells
were grown in 2x 1 L of LB broth to an OD of 0.8 at 37 °C,
followed by induction with 0.5 mM IPTG for approximately 20 h
at 4 °C, and harvested by centrifugation. The L4-22K protein
purification was based on a previous protocol (4), with modifica-
tions. All purification steps were performed at 4 °C. The cell pellet
was resuspended with 50 mL of lysis buffer [750 mM NaCl,
20 mM HEPES (pH 8.0), 0.5 mM EDTA, 0.1% Triton X-100,
1 mM fS-me, 20 uM PMSF, and 1 tablet of protease inhibitor
(Roche)] and lysed by sonication. The lysed cells were centrifuged
at 20000g for 30 min, and the supernatant was then added to 3 x
6 mL of 50% chitin resin (NEB) that was equilibrated in lysis
buffer. The mixture was rocked at 4 °C for 1 h. The chitin resin
was then washed with 5 column volumes of wash buffer 1[1.25M
NaCl, 20 mM HEPES (pH 8.0), 0.5 mM EDTA, 0.1% Triton
X-100, and 1 mM f-me], followed by 3 column volumes of wash
buffer 2 [150 mM NaCl, 20 mM HEPES (pH 8.0), 0.5 mM
EDTA, 1 mM f-me, and 0.1% Triton X-100]. The protein was
first eluted with 6 column volumes of elution buffer [150 mM
NaCl, 20 mM HEPES (pH 8.0), 0.5 mM EDTA, 50 mM DTT,
and 0.1% Triton X-100] by incubation at 4 °C for at least 20 h,
with gentle rocking, and then further eluted with 10 column
volumes of elution buffer. The eluted fractions were pooled
and loaded onto a 30 mL Q Sepharose (fast flow) column
(Pharmacia) that was equilibrated with 10 column volumes of
equilibration buffer [150 mM NaCl, 20 mM HEPES (pH 8.0), 0.5
mM EDTA, 5 mM p-Me, and 0.1% Triton X-100]. The protein
was eluted with a linear salt gradient from 150 mM to 1 M NaCl
over 25 column volumes. The fractions containing the L4-22K
protein were collected, and the salt concentration was adjusted to
150 mM NaCl. The L4-22K protein was further purified and
concentrated by SP Sepharose chromatography (HI trap SP
column, 5 mL, from Pharmacia). The SP column was equili-
brated with SP buffer [150 mM NaCl, 20 mM HEPES (pH 8.0),
0.5 mM EDTA, and 5 mM f3-Me]. After the sample had been
loaded onto the SP column, the column was washed with 5
column volumes of SP buffer then eluted with elution buffer [| M
NaCl, 20 mM HEPES (pH 8.0), 0.5 mM EDTA, and 5 mM -
Me]. The purified protein was dialyzed exhaustively against
storage buffer [250 mM NaCl, 40 mM HEPES (pH 7.6 and
25°C), 50% (v/v) glycerol, 0.5 mM EDTA, and 1 mM TCEP].
The protein concentration was determined by absorbance spec-
troscopy using an extinction coefficient of 3.24 x 10* M ™' em™".
The L4-22K protein purified by this procedure was more than
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FIGURE 1: Sedimentation velocity analysis of the purified L4-22K
protein. (A) A sedimentation velocity experiment was performed at 2
uM L4-22K in buffer P. Data were collected at 280 nm and 30K rpm.
Every 10th scan is shown. (B) SDS—PAGE gel showing the purified
L4-22K protein. The purified protein runs at ~35 kDa, which is
consistent with previous observations (4). The identity of this poly-
peptide was confirmed by mass spectroscopy, as described in Experi-
mental Procedures. The purity of L4-22K was greater than 95%. (C)
Effect of concentration on the aggregation state of the protein. The
total loading concentrations are indicated in the figure. The data were
analyzed according to the Is-g*(s) method using SEDFIT. (D) Weight
average sedimentation coefficients (sy,y from the distributions in
panel C are plotted as a function of L4-22K loading concentration.
The smooth curve is the result of an NLLS analysis using the
isodesmic indefinite assembly model (eqs 9 and 10). The resulting
best fit value of L was 69 (64, 74) uM .

95% pure as judged by SDS—PAGE followed by Commassie
staining (see Figure 1B). The identity of the L4-22K band was
confirmed by trypsin digestion of the SDS—PAGE-purified
protein, followed by MALDI-TOF/TOF analysis of the frag-
ments; the peptide fragments were analyzed using MASCOT.
Sedimentation Velocity Experiments. Sedimentation velo-
city experiments were performed using a Beckman XLA analy-
tical ultracentrifuge. The purified protein was dialyzed into buffer
P[100 mM NaCl, 10 mM Na,HPO4/NaH,PO, (pH 7.0 and 25 °C),
and 1 mM TCEP] and then diluted with the buffer dialysate to
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the desired concentration. In general, three protein concentra-
tions were analyzed per run. Protein samples were loaded into
Epon charcoal-filled two-sector centerpieces, and experiments
were performed at 25 °C and 30K rpm. The samples and instru-
ment were equilibrated at 25 °C for at least 2 h prior to initiation
of the experiment, and in general, the protein dilutions were kept
onice for approximately 1 h prior to being loaded into the sample
cells. The data were collected at 230 or 280 nm, every 0.002 cm
with two averages in the continuous scan mode. The raw
sedimentation velocity data were analyzed using SEDFIT (/3),
and the sedimentation coefficients were corrected to standard
conditions (20 °C, in H,0) using SEDNTERP.

Sedimentation Equilibrium Experiments. The purified
protein was dialyzed into buffer P [100 mM NaCl, 10 mM
Na,HPO,/NaH,PO, (pH 7.0 and 25 °C), and | mM TCEP]. The
samples (110 uL) were loaded into Epon charcoal-filled two-
sector or six-sector centerpieces. The sedimentation equilibrium
experiments were performed at 25 °C, at the indicated rotor
speed. Data were collected at 230 or 280 nm, every 0.001 cm in the
step mode, with 20 averages per step. Equilibrium was confirmed
using Winmatch (/4) and determined by the absence of devia-
tions between successive scans.

Analysis of Sedimentation Velocity and Equilibrium Data
According to Indefinite Assembly Models. The indefinite, iso-
desmic self-assembly model has been discussed in detail (15—19).
This model assumes the molecule of interest can continuously
assemble into higher-order structures with no upper bound on
their stoichiometries. This process is summarized in eq 1:

[A1] = [A1]+2[Ay] + 3[A3] + ... (1)

where [A1] is the total monomer concentration in molar units and
each term on the right-hand side is the molar concentration of each
stoichiometric species. The isodesmic model assumes that each
successive addition of another monomer to the growing aggregate
is governed by the same equilibrium constant, L, such that

[As]

L= AT @)

where nis the species stoichiometry and [A ] is the concentration of
the free monomer. Upon substitution of eq 2 into eq 1, one obtains
eq 3:

[A1] = [A1] +2L[A +3L7A] + .. (3)
This infinite series can be expressed in a closed form solution (17):
A
A =0 (4)
(1= L[A])

where it is implicitly understood that the product L[A;] must be
less than 1 (7). If this was not the case, the infinite sum in eq 3
would be guaranteed to diverge. To use this result to analyze our
sedimentation velocity data, we followed the approach outlined by
Na et al. (16). The weight average sedimentation coefficient is
calculated as follows:

1AL +252[Ag] + 353[A5] + ...
[A1] 2

S
<Szo, w) =

The sedimentation coefficient of each species is assumed to follow
a general scaling law (16), as follows:

5 = s (6)

Yang and Maluf

Upon substitution of egs 2 and 6 into eq 5, one obtains (/6)

5] i nl+an—1[Al}n
. n=l
<S20,W> - [AT] (7)

In general, it is not possible to obtain a closed form solution for
the infinite sum in eq 7. However, eq 7 can still be useful for
NLLS fitting procedures. For any particular total concentration,
[A7], the fraction of each stoichiometric species is given by

o l’an_l[Al]n
In= [A1] ®)

Because convergence of the infinite sum shown in eq 3 requires
that L[A|] be less than 1, we can see that as n increases toward
infinity, eventually f, must approach zero [because (L[A;])" will
decrease exponentially while  will increase linearly]. This indicates
that even though the system can continue to assemble indefinitely,
for a fixed [A1], only a finite fraction of these species will actually
exist at appreciable levels in solution. Thus, use of eq 7 in practice
simply requires replacing oo in the summation with a sufficiently
large finite number, 0, that ensures f,, is essentially equal to zero (16):

0
51 Z n1+n1Ln— 1 [Alyl
n=1

<S20,w> = [AT] (9)

In our hands, and for our particular system, Q values on the
order of 300—400 were more than sufficient to ensure the summa-
tion had converged. This was determined by checking that the final
calculated value of [At] was essentially equal to the known [A1],
1., [A1]calc Was at least 99.9% of the known [At] (16). This was
conducted using the SUMMATION command provided in the
SCIENTIST (MicroMath) NLLS software package. In eq 9, [A{]
is calculated for each [A] by solving eq 4 for [A;] (15), which yields
[after taking the (—) root, which guarantees [A1] > [A{]]

1 1

B A 1+4L[A1]
C21%A7] L

i (10)

[Ai]

Following the same approach, we obtained expressions for [A;]
and (s, for two additional indefinite assembly cases. In the first
case, which has been considered previously (15), it is assumed that
successive additions of a monomer to the growing aggregate become
increasingly more favorable (weak positive cooperativity) according
to the equation L, = L(n — 1)/n. In this model, L, does not grow
without bound (which would obviously result in a divergent infinite
series) but rather approaches L as n approaches 0. The expression
for the total monomer concentration is given by (15)

__ A
[Ar] = m (11)
which can be solved for [A4]:
_ (A

The resulting expression for (s, is

9
s Z I’lmL”_l[Al]n
n=I
W= 13
(520, w) A (13)
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In eq 13, the resulting species fraction distributions are shifted
to higher values, which necessitates inclusion of a larger number
of terms (higher value of Q) in the infinite summation. However,
in our hands, and for our particular data set, we were unable to
ensure convergence during NLLS analysis, even upon setting Q
equal to 2000. Values of O that were larger than 2000 resulted in
the failure of the Scientist fitting software.

In the second case, it is assumed that successive additions of the
monomer to the growing aggregate become less favorable,
according to the equation L, = Ln/(n — 1), where again L,
approaches L as n approaches e, and n > 1. We are unaware of
this case being treated previously in the literature and therefore
briefly describe the derivation of the expression for [At] here.
Upon substitution of the equation L, = Ln/(n — 1) intoeq 1, we
obtain

[Ar] = [A]](1+22x+ 327 + 427 4 .) (14)

where x = L[A,]. The infinite sum in eq 14 can be expressed as the
derivative of another infinite sum, for which a closed form
solution is known (15):

d
a(x F2 3 At L)

=142+ 3 400+ (15)

Because x + 2x% + 3x% + 4x* + ... = x/(1 — x)%, we need to
differentiate the right-hand side of this expression with respect to

x and substitute the result into eq 14 to obtain our final expression
for [AT]:

_ A0+ LA

Al = LAy

(16)

Explicitly solving this expression for [A] requires solving a cubic
polynomial. Rather than do this, we simply solved this equation
numerically in the NLLS analysis using SCIENTIST with the
constraint that 0 < L[A,] < I. The final expression for {5y, is
given by

9
8 Z n2+an—1[Al]"
n=1
W) = 17
(520,) ™ (1)

For this model, Q values greater than 100 were more than
sufficient to ensure convergence of the summation.

For analysis of our sedimentation equilibrium data, we sub-
stituted eq 18

[AI] = [Al,ref] X €Xp

M(1=0p)w* r* — g’
RT 2 (18)

which describes the sedimentation equilibrium distribution of an
L4-22K monomer, into either eq 4, 11, or 16, depending upon
which indefinite assembly scheme was to be evaluated. This
allows us to express the total L4-22K monomer concentration,
[AT], as a function of both the free monomer concentration, [A],
and the radial position within the cell, r. In eq 18, r is the radial
position relative to the center of rotation of the rotor, M is the
monomer molecular mass, v is the partial specific volume of the
protein, p is the buffer density, w is the rotor speed, R is the gas
constant, and 7 is the absolute temperature. [A ;. refers to the
monomer concentration at a reference radial position, .
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The dependence of the weight average stoichiometry of the L4-
22K protein on the total monomer concentration, [At], was
calculated for the isodesmic model using (20)
d(In[Ar]) 1+ L[A]
d(infA,) ~ T-L[A]

(Nw) = (19)
where (N, is given by (M)/M;, where (M) is the weight
average molecular mass, and M is the molecular mass of the L4-
22K monomer (21924 Da). To quantify the spread of the
calculated species distributions as a function of [Ar], we also
calculated the concentration dependence of the standard devia-
tion of the species distributions, according to

Owt =/ <Nw12> - <Nwt>2 (20)

Using the same strategy that was employed in ref 20 to derive the
expression for (N, for the isodesmic model (eq 19), we obtain
the following expression for (Ny’):

o L[ dA | 1HaLjA)+ LA
R | 7| T TV
Combining eqs 19—21 yields
_ V2LA]
Owt _T[Aﬂ (22)

where the subscript wt indicates that the standard deviation was
calculated for a weight average probability distribution (as
opposed to a number average, etc.).

Hydrodynamic Calculations. The frictional coefficient ra-
tio, f]fo, was calculated using (27)

1/3
f M2(1-7p)’ o)
Jo 16272 (520,0) PN (0 + 0, )

where M is the molecular mass of the protein species of interest, 1
is the viscosity of pure water at 20 °C, N, is Avogadro’s number,
p is the density of pure water at 20 °C, v is the partial specific
volume of the L4-22K protein at 20 °C, 17H200 is the partial specific
volume of pure water at 20 °C, and 9 is the protein hydration, in
grams of water bound per gram of macromolecule. For the
L4-22K protein, 0 was calculated on the basis of its primary
sequence, using SEDNTERP, according to the method of
Kuntz (22), which yielded a value of 0.4552 g/g.

The predicted s, for an unfolded, random coil polypeptide
chain was calculated using the following equation (21, 23):

s20,w = 0.296 M%7 (24)

where M (kilodaltons) is the molecular mass of the polypeptide
chain.

Calculation of Uncertainties in NLLS Parameters. All
reported NLLS uncertainties correspond to 68.3% confidence
intervals calculated manually using the F statistics approach (24).

RESULTS

Sedimentation Velocity Studies of the Ad L4-22K Pro-
tein. Purified recombinant L4-22K was dialyzed into buffer P.
The protein was then diluted to the desired concentration and
subjected to a sedimentation velocity experiment. These experi-
ments were conducted at 30K rpm, at 25 °C, and were monitored
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by absorbance using either 230 or 280 nm. The results of a
representative experiment are shown in Figure 1A. We analyzed
the primary data using SEDFIT according to the Is-g*(s)
approach (25, 26) and show the results in Figure 1C. This
analysis clearly shows the protein is highly aggregated and exists
in solution as a broad distribution of aggregated structures. On
the basis of this, we also investigated the effect of loading
concentration on the aggregation state of the protein. The highest
loading concentration we were able to achieve after dialysis was
6.8 uM, and the lowest concentration we were able to detect
accurately by absorbance at 230 nm was (.74 uM. The resulting
Is-g*(s) concentration dependencies obtained over this concen-
tration range are shown in Figure 1C, and all of these data were
collected over a 2 day period in which each concentration
originated from the identical, dialyzed stock concentration of
6.8 uM, which was kept at 4 °C. Inspection of these traces shows
that as the total loading concentration is decreased, the peak
positions in the Is-g(s) traces shift toward lower values, indicating
a mass action aggregation process. To quantify this effect, the
weight average sedimentation coefficient, (s, was calculated
for each loading concentration, and the results are plotted in
Figure 1D. Even over this relatively narrow loading concentra-
tion range, we see that (sy,,) decreases from ~25 S at 6.8 uM
to ~12 S at 0.74 uM. Control experiments show that (s, is
independent of the amount of time (from 2 to 5 h) the sample is
incubated at 25 °C prior to initiation of the sedimentation
velocity run.

To investigate the molecular nature of these aggregates, we
looked at their stability in the presence of increasing urea
concentrations by sedimentation velocity. The L4-22K protein
was dialyzed into buffer P, in the presence of the indicated urea
concentration. Next, the protein was diluted to 3 4M and
subjected to a sedimentation velocity experiment. The primary
data were analyzed using SEDFIT (/3), according to the c(s)
approach, and the results are shown in Figure 2A. In the absence
of added urea, the c(s) traces show no apparent species sediment-
ing below ~10 S. However, as the urea concentration is increased,
a peak appears at ~2.2 S, and its area increases with an increase
in urea concentration. Furthermore, the peak position of the
aggregated material decreases from ~17.5 S in the absence of
urea to ~12.5 S in the presence of 3 M urea. The dependence of
($20.w) ON Urea concentration is shown in Figure 2B and confirms
that an increasing urea concentration disrupts these higher-order
aggregates. The simultaneous decrease in the apparent peak
position of the higher-order aggregates with the increase in the
area of the ~2.2 S peak suggests that the increasing urea
concentration is freeing the smallest polymerizing unit from the
aggregates.

Figure 2C shows the peak position of the apparent ~2.2 S
species plotted as a function of added urea concentration, which
shows the s, value of this apparent species is independent of
urea concentration. The upper dashed line is the expected s,
value for an L4-22K monomeric sphere (calculated by setting f/f
to 1 in eq 23 and solving for $,0,,). The lower dashed line is the
expected sy, for the fully unfolded protein (eq 24). This result
indicates that at these intermediate urea concentrations, the
observed peak corresponds to a folded L4-22K structure. Aver-
aging the peak values shown in Figure 2B yields 2.16 4+ 0.04 S. If
we assume this peak corresponds to a monomer, we calculate
a frictional ratio, f]fo, for this species of 1.18 £ 0.02. If we assume
this peak corresponds to an L4-22K dimer, we calculate an f/f; of
1.88 + 0.03. An f/f, of 1.88 corresponds to an axial ratio for
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FIGURE 2: Sedimentation velocity analysis of the L4-22K aggregates
as a function of urea concentration. (A) The purified L4-22K protein
was dialyzed into buffer P along with the indicated urea concentra-
tion and then diluted to 3 uM for analysis by sedimentation velocity.
The data were collected at 280 nm and 30K rpm and analyzed
according to the c¢(s) method using SEDFIT. (B) Weight average
sedimentation coefficients (s5oy from the distributions in panel A
plotted as a function of urea concentration. (C) Peak positions of the
~2.2 S apparent species observed in panel A plotted vs urea con-
centration. The average value for these peak positions is 2.16 + 0.04
S. The dashed lines correspond to the expected s,0 Vvalues for a
spherical L4-22K monomer or a completely unfolded polypeptide of
identical molecular weight.

a prolate ellipsoid of revolution of ~17. On the basis of the
molecular mass of a presumed L4-22K dimer, its partial specific
volume, and its estimated degree of hydration, the width of
this prolate ellipsoid (at its widest point) is calculated to be
~2.1 nm, which is smaller than two a-helices placed side by side
(2 x 1.2 nm = 2.4 nm). Because of the extreme asymmetry
implied by these calculations, we suggest this peak most likely
corresponds to an L4-22K monomer.

Using the largest (550w (~25 S) we observed in our sedimenta-
tion velocity experiments, we calculate an absolute lower limit for
an average aggregate stoichiometry of 31 monomers, assuming
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FIGURE 3: Sedimentation equilibrium analysis of L4-22K aggregation. Sedimentation equilibrium experiments were performed at the indicated
loading concentrations of L4-22K in buffer P, at 25 °C. The rotor speeds used were 4.5K and 7.2K rpm. The data were collected at 230 and 280 nm
and analyzed by NLLS according to an indefinite, isodesmic assembly model using eqs 4 and 18. The smooth curves are the results of the NLLS
analysis of the data. The best fit value of L from this analysis was 112 (102, 124) uM "

the aggregate adopts a spherical shape. On the basis of the large
value of this lower limit, we consider that L4-22K may be
undergoing indefinite, reversible self-association. To explore
this possibility, we analyzed our (s, data using the isodesmic
indefinite assembly model (eqs 9 and 10), following the method
described by Na et al. (16). The smooth curve in Figure 1D is the
result of an NLLS analysis of these data assuming (1) the smallest
polymerizing unit is the L4-22K monomer, (2) each addition of
monomer to the growing aggregate can be described by an
identical equilibrium constant, L, and (3) the sedimentation
coefficients for each stoichiometry will scale according to the
equation s, = s;n"". In the NLLS analysis, we fixed s; and m at
2.16+ 0.04 S and ?/5, respectively, while allowing only L to float.
The resulting best fit value for L was 69 (64, 74) uM~". We note
that fixing m at %/ is equivalent to assuming only that each
aggregate has the same frictional ratio, not that each aggregate
necessarily has a spherical shape (18).

We have also attempted to fit our data to an indefinite
assembly model that assumes each successive addition of mono-
mer occurs with a decreasing equilibrium constant, according to
the prescription L, = (Ln)/(n — 1) (eqs 16 and 17). This model
can be considered a test case to see if introducing a small amount
of negative cooperativity might improve agreement between the
model and the experimental data. This model could not fit the
data when m was fixed at */5. However, when both L and m were
allowed to float, this model could fit the data as well as the
isodesmic model and returned best fit values of 24 (17, 50) uM ™'
and 0.95 (0.87, 1.0), respectively. Even though we cannot
differentiate between these two models on the basis of fitting
statistics alone, we can exclude the decreasing equilibrium
constant model on the basis that an m value of 0.95 is physically
unrealistic; e.g., using an m of 0.95, we calculate for our
hypothetical 31-mer an absolute upper limit for the frictional
ratio of 0.45, which would indicate our 31-mer would have to
sediment faster than a compact sphere, which is physically
impossible. In fact, any m value of greater than */; is physically
unrealistic by the same argument. Furthermore, we note that, for
the purposes of calculating the fitting uncertainties (using F

statistics), an m value of >1 is mathematically impossible,
because the infinite summation in eq 17 is guaranteed to diverge
when m > 1. Therefore, we fixed the upper mathematical limit for
m at 1 and used this value to determine the lower limit for L.

We also attempted to fit our data to a model that assumed
successive equilibrium constants increased according to the
equation L, = L(n — 1)/n (ie., weak positive cooperativity),
which has been discussed previously (15). However, in our hands,
we were unable to include a sufficient number of terms in the
summation (see Experimental Procedures) to ensure accurate
calculation of (s in the fitting routine. However, we were able
to assess the feasibility of this model when analyzing our
sedimentation equilibrium data, which are discussed below.

Sedimentation Equilibrium Studies of the Ad 1L4-22K
Protein. To further study the size and distribution of the L4-22K
aggregates and to determine if they exist in solution in a true
thermodynamic equilibrium, we conducted a series of sedimenta-
tion equilibrium experiments, under conditions identical to those
used for the sedimentation velocity studies. Dialyzed L4-22K
protein was diluted to the desired concentration and then
sedimented to equilibrium at 4.5K and 7.2K rpm. All concentra-
tions reached sedimentation equilibrium within ~30 h (loading
volumes of 110 uL), which was determined via comparison of
multiple scans taken 3 h apart using Winmatch.

We initially analyzed these data by fitting to a single, ideal
species model (27) to calculate an approximate average molecular
mass of the sample. At a loading concentration of 2 uM (units of
total monomer concentration), the apparent cell average molec-
ular mass suggested a stoichiometry of roughly 46 monomers,
while at a loading concentration of 6 uM, this value increased to
roughly 60 monomers (not shown), consistent with a mass action
aggregation process. Next, we used the indefinite isodesmic
aggregation model (eqs 4 and 18) to globally analyze each
channel of data. This analysis included six independent loading
concentrations (6, 3, and 2 uM, collected at 280 nm, and 5 and
2 uM, collected at 230 nm), each collected at two rotor speeds
(4.5K and 7.2K rpm). The results are shown in Figure 3 and show
that the isodesmic model can accurately describe our sedimentation
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equilibrium data. The best fit value we obtained for L was 112
(102, 124) uM ™", which is similar to the value we obtained from
analysis of the (50, data according to the isodesmic model,
which was L = 69 (64, 74) uM " when fixing m at ?/5. While these
values are similar, they are outside of the fitting uncertainties.
Therefore, this may indicate that m s less than /5. If we reanalyze
the (0., data by fixing L at 112 uM " and allowing only m to
float, we obtain an m of 0.622 (0.615, 0.629), consistent with this
possibility.

Next, we attempted to analyze our data using the increasing
equilibrium constant model (eqs 11 and 18). The resulting
standard deviation of the fit (SDg,) was +0.00482 OD, compared
to £0.00401 OD for the isodesmic assembly model, which
corresponds to sum of squared residual (SSR) values of 0.0314
and 0.0217, respectively. To address which model fits the experi-
mental data better, we used the F'statistics approach described by
Johnson and Straume (24). In this approach, we are asking if we
can be 95% confident that the variances that result from these
two models are significantly different. The calculated SSR;/SSR,
ratio is 1.094 (with the total degrees of freedom for each fit equal
to 1352, and the probability equal to 0.95). The ratio of the two
SSR values derived from the NLLS analyses is 1.447 (0.0314/
0.0217). Because 1.447 > 1.094, we can be >95% confident
these two models produce variances that are significantly differ-
ent. From this analysis, we conclude that the isodesmic assembly
model fits our sedimentation equilibrium data significantly better
than the increasing equilibrium constant model.

We also analyzed our sedimentation equilibrium data using
the decreasing equilibrium constant model (eqs 16 and 18), where
L, decreases according to the equation L, = (Ln)/(n — 1). In this
case, the F statistics analysis described above indicated that the
resulting SDg;, (£0.00392 OD, with an SSR of 0.0207) was
statistically indistinguishable, at 95% confidence, from that of
the isodesmic model; however, we can rule this model out on the
basis of (1) the inability of this model to describe the (55, data
with a physically realistic value of m and (2) the fact that even if
we ignore the previous point, the resulting best fit value of L from
analysis of the sedimentation equilibrium data was 1790 (1580,
2000) uM ", which does not agree with the value obtained from
the velocity experiments, which was 24 (17, 50) uM . In contrast
to the decreasing equilibrium constant model, when we use the
isodesmic model, we obtain good agreement for the L values
estimated from both the sedimentation velocity data [L = 69 (64,
74) uM ™~ "] and the sedimentation equilibrium data [L = 112 (102,
124) uM™"]. Finally, we also tried the decreasing equilibrium
constant model presented in ref 28 to analyze our sedimentation
equilibrium data. In this model, L, decreases with increasing
aggregate stoichiometry according to the equation L, = L/n,
which occurs at a much more rapid rate than the L, =
(Ln)/(n — 1) model we used above. The L, = L/n model was
unable to fit our data, likely indicating that if any negative
cooperativity does indeed exist upon continued assembly, it is
relatively small.

In conclusion, when we attempt to analyze both our sedimen-
tation velocity and equilibrium data using indefinite assembly
models that incorporate weak negative or weak positive coop-
erativity, they fail. On the other hand, both the sedimentation
velocity and equilibrium data can be analyzed adequately
according to the indefinite, isodesmic assembly model. On this
basis, we conclude the isodesmic model is appropriate for a
quantitative description of the self-association properties of the
L4-22K protein.

Yang and Maluf
DISCUSSION

In this work, we have characterized the self-association proper-
ties of a recombinant version of the Ad L4-22K protein.
Quantitative knowledge of the self-association properties of
L4-22K is required to understand how it assembles, along with
the Ad I'Va2 protein, onto the packaging sequence within the Ad
genome, ultimately signaling the onset of viral DNA encapsida-
tion. We find that highly purified L4-22K self-assembles rever-
sibly into a broad distribution of higher-order aggregation states.
We were able to accurately model this process using an isodesmic,
indefinite aggregation model and were able to determine the
equilibrium constant, L, associated with this process, which is 112
(102, 124) uM ", which corresponds to a dissociation constant of
8.9 (8.1, 9.8) nM (0.1 M NaCl, pH 7, 25 °C). This equilibrium
constant refers to the affinity of addition of a single L4-22K
monomer to either another monomer or any other aggregate. To
visualize how these species are distributed in solution, we have
plotted the fraction of each species (calculated using eq 8)
calculated over a range of total L4-22K concentrations and have
also plotted the average and standard deviation of the aggregate
stoichiometries (Figure 4). These calculations show that at total
L4-22K concentrations (in total monomer units) lower than
~10 nM, the largest fraction of species present in solution is
the monomer. Total monomer concentrations of =100 nM are
required before the majority of the protein exists in an aggregated
state in solution. Furthermore, as the total monomer concentra-
tion is increased, the breadth of the species distribution is
increased.

What are the biological implications of these observations? An
interesting mathematical consequence of the isodesmic aggrega-
tion model arises from the requirement that the product L[A]
must be less than one, to ensure the infinite species summation
converges. This requirement places an absolute upper limit on the
value of the free monomer concentration, [A4], that can exist in
solution, which is 1/L (17). This upper limit can also be obtained
by taking the limit of eq 10 when [At] goes to infinity, which
yields 1/L, as expected. This implies that a consequence of
a biological macromolecule taking part in an indefinite aggrega-
tion process is that the free monomer concentration will not
increase without bound upon increasing the total concentration
of that macromolecule in the cell. This is in contrast to what is
observed for macromolecular assembly processes that terminate
at a finite stoichiometry, e.g., a monomer—dimer system or
a monomer—dimer—tetramer system, etc. In these cases, it is
straightforward to show that as the total monomer concentration
isincreased without bound, the free monomer concentration also
increases without bound; even though the fraction of the mono-
meric species decreases with an increasing total monomer con-
centration, the absolute concentration of the free monomer
species continues to increase as the total monomer concentration
increases. Therefore, an immediate consequence of an indefinite
aggregation process is that the free monomer concentration can
be “buffered” through equilibration with its higher-order aggre-
gates. To illustrate this, we have plotted the free L4-22K monomer
concentration, [A], as a function of the total monomer concen-
tration and show the results in Figure 4D. We can see from this
plot that for total concentrations of L4-22K greater than ~250
nM, [A] is essentially invariant. This provides the cell with a
mechanism for fixing the free L4-22K monomer concentration at
a bit less than 1/L, by simply expressing L4-22K to levels
sufficient to approach closely this asymptote. Because it is the
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free ligand concentration that uniquely determines the fractional
saturation of a ligand binding site in the cell (29), this implies
cellular control mechanisms may involve linkage with indefinite
assembly processes.

Another physical mechanism that can control free ligand (or
free monomer) concentrations is the linkage of ligand binding
with phase transitions, called polyphasic linkage (30). For
example, in sickle-cell hemoglobin, the deoxgenated protein
undergoes a cooperative phase transition to a solid, gel-like
state (30, 31). Thus, at sufficiently low oxygen concentrations
and at sufficiently high protein concentrations, the cooperative
assembly of sickle-cell hemoglobin will result in a constant free
hemoglobin concentration in solution.

In Ad, the IVa2 and L4-22K proteins both assemble at the
packaging sequence, and this assembly is cooperative and is
required for the initiation of viral DNA encapsidation (4—6) in
the nucleus of the cell. While IVa2 can bind to the PS in the
absence of L4-22K, sequence specific binding of L4-22K to the
PS is absolutely dependent upon the presence of the Va2
protein (4). A consequence of the observation that [4-22K
assembles indefinitely is that it is not possible to drive saturation
of the PS by only increasing the total L4-22K concentration while
keeping the IVa2 concentration fixed. If L4-22K did not assemble
indefinitely, then saturation of the PS or the DE sequence, at any
fixed [Va2 concentration, could be achieved by simply increasing
the cellular L4-22K concentration. Considering the likelihood
that saturation of the PS will be tightly regulated to prevent
inappropriate signaling of the viral DNA encapsidation process
and that the IVa2 protein does not self-associate (2/), this implies
that at saturating L4-22K concentrations (to ensure [A;] ~ 1/L),

the IVa2 concentration will control occupancy of the PS. Further
experiments are required to test the biological relevance of these
in vitro observations.
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