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Abstract
Oligomerization reaction of the E. coli DnaT protein has been quantitatively examined using the
fluorescence anisotropy and analytical ultracentrifugation methods. In solution, DnaT exists as a
monomer - trimer equilibrium system. At the estimated concentration in the E. coli cell, DnaT
forms a mixture of the monomer and trimer states with 3:1 molar ratio. In spite of the modest
affinity, the trimerization is a highly cooperative process, without the detectable presence of the
intervening dimer. The DnaT monomer is built of a large N-terminal core domain and a small C-
terminal region. The removal of the C-terminal region dramatically affects the oligomerization
process. The isolated N-terminal domain forms a dimer instead of the trimer. These results
indicate that the DnaT monomer possesses two structurally different, interacting sites. One site is
located on the N-terminal domain and two monomers, in the trimer, are associated through their
binding sites located on that domain. The C-terminal region forms the other interacting site. The
third monomer is engaged through the C-terminal regions. Surprisingly, the high affinity of the N-
terminal domain dimer indicates that the DnaT monomer undergoes a conformational transition
upon oligomerization, involving the C-terminal region. These data and the high specificity of the
trimerization reaction, i.e., lack of any oligomers higher than the trimer, indicate that each
monomer in the trimer is in contact with the remaining two monomers. A model of the global
structure of the DnaT trimer based on the thermodynamic and hydrodynamic data is discussed.

Keywords
DnaT Protein; Oligomerization; Fluorescence Anisotropy; Fluorescence Titrations; Protein -
Protein Interactions; Primosome

The primosome is a multiple-protein-DNA complex, which catalyzes priming of the DNA
strand during the replication process (1–15). The complex translocates along the DNA, a
movement fueled by NTP hydrolysis, while synthesizing short oligoribonucleotide primers,
which are used to initiate synthesis of the complementary DNA strand. Formation of the
primosome was initially described at a specific primosome assembly site (PAS) in the
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replication of phage ϕX174 DNA (1,7,9,12). Present data show that the assembly of the
primosome is a fundamental step in the restart of the stalled replication fork at the damaged
DNA sites, i.e., the primosome is a molecular machine at the crossroads of replication and
repair processes (4,7–9,12).

The DnaT protein is an essential replication protein in Escherichia coli that plays a primary
role in the assembly of the primosome (1–8). The assembly process is initiated by
recognition of the PAS sequence or the damaged DNA site by the PriA protein, or the PriB
protein - PriA complex, followed by the association of the DnaT and the PriC protein (1–
9,13). The formed protein - DNA entity constitutes a scaffold, specifically recognized by the
DnaB helicase - DnaC protein complex, which results in formation of the pre-primosome.
Next, the pre-primosome is recognized by the primase and a functional primosome is
formed. The DnaT protein is absolutely necessary for the specific entry of the DnaB helicase
into the primosome complex. The protein was originally discovered as an essential factor
during synthesis of the complementary DNA strand of phage ϕX174 DNA (1,13–15). The
gene encoding the DnaT protein has been cloned and its sequence determined (15). The
DnaT monomer contains 179 amino acids with a molecular weight of ~19.5 (15).

In spite of the fact that the specific role of the DnaT protein, as a key factor in the
recruitment of the replicative helicase, DnaB protein, to the primosome has been recognized,
little is known about the functional structure of the protein (14). The native DnaT has been
proposed to be a homo-trimer, although biochemical data indicated the presence of
monomer, dimer, tetramer, and pentamer (14). Studies of the pre-primosome and primosome
components suggest that the functional form of the DnaT in the assembly might not be a
trimer, but a monomer, or that the oligomerization/disassembly of the DnaT protein
oligomer(s) could be specific parts of the primosome assembly process (3). Thus, such
fundamental quantities as the number of monomers in the native and functional form of the
DnaT protein, both in solution and in the primosome, are still under debate. Surprisingly, the
nature of the association process of the DnaT monomers has never been experimentally
established and the intrinsic energetics of the DnaT oligomerization reaction(s) are
unknown.

In this communication, we report the quantitative analyses of the DnaT oligomerization
process and the global structure of the specific DnaT oligomer. We establish that, in
solution, the DnaT protein exists as a monomer-trimer equilibrium system. The
oligomerization reaction is a highly specific and cooperative process. The DnaT monomer is
built of the core N-terminal domain and the small flexible C-terminal region. The monomer
possesses two structurally different binding sites located on the N-terminal core domain and
the C-terminal region, respectively. The third monomer in the trimer binds to the remaining
two monomers through the C-terminal regions. In the trimer, each monomer is in contact
with the remaining two monomers.

MATERIALS & METHODS
Reagents and Buffers

All solutions were made with distilled and deionized >18 MΩ (Milli-Q Plus) water. All
chemicals were reagent grade. Buffer C is 10 mM sodium cacodylate adjusted to pH 7.0
with HCl, 1 mM DTT, 100 mM NaCl, 5 mM MgCl2, and 25% glycerol (w/v) (16–21).

The Wild-Type DnaT Protein and the Protein Variants
The wild-type E. coli DnaT protein gene has been placed under the T7 promoter in plasmid
Pet30a. The constructs were obtained for the DnaT gene containing the C-terminal his-tag,
as well as the protein variant, S3C, with serine residue 3 replaced by cysteine and containing
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the C-terminal his-tag (see below). All oligomerization experiments were performed with
the wild-type protein without the his-tag. The constructs containing the his-tag were used in
the separation of the N-terminal core domain of the protein from its C-terminal region (see
below). The wild-type protein was over-expressed in Rosetta™ (DE3) cells (Novagen).
Briefly, the DNA was removed from the cell extract by Polymin P (Sigma, MI)
precipitation. The extract was passed through the Heparin Sepharose™ CL-6B (GE
Healthcare) column at 300 mM NaCl (50 mM Tris/HCl pH 7.6, 10% (w/v) glycerol, 1 mM
DTT), followed by elution through the DEAE Sepharose CL-6B column at 150 mM NaCl
(50 mM Tris/HCl pH 7.6, 10% (w/v) glycerol, 1 mM DTT). The protein variants containing
the his-tag have been purified using the metal-affinity Talon column (Clontech, CA). All
purified proteins were > 99% pure as judged by polyacrylamide electrophoresis with
Coomassie Brilliant Blue staining. The protein concentrations were spectrophotometrically
determined, with the extinction coefficient ε280 = 2.7960 × 104 cm−1 M−1 (monomer)
obtained using an approach based on Edelhoch’s method (16–21,22,23).

Labeling of the DnaT Variant S3C with Fluorescein
The DnaT protein variant, S3C, was specifically labeled with fluorescein maleimide and
purified according to the protocol previously described by us (24–26).

Trypsin Digestion Experiments
Time-dependent digestion of the DnaT protein with trypsin (Sigma, MI) has been performed
in the same buffer C as the oligomerization experiments (16,27,28). The protein was mixed
with the protease at the molar ratio, 37:1 (DnaT monomer: protease) and the reaction was
stopped by adding the protease inhibitor, PMSF, heating at ~100°C for 5 minutes and adding
a buffer containing 10% SDS. Several different DnaT protein - protease molar ratios were
examined to obtain the optimal time dependence of the digestion reaction (16,27,28). The
digestion reactions performed with the wild-type protein and the DnaT variants, discussed in
this work, were indistinguishable.

Isolation of the N-Terminal Core Domain of the DnaT Protein
The N-terminal core domain of the DnaT protein was isolated using the DnaT variant
containing the C-terminal his-tag (see above). The reaction mixture of the DnaT protein and
trypsin was applied on the metal-affinity, Talon column (Clontech, CA). The N-terminal
core domain does not stay on the column and was eluted using 10 mM sodium cacodylate
pH 7.0, 300 mM NaCl, 20 mM imidazole, 1 mM PMSF, and 10% glycerol. Subsequently,
the C-terminal unstructured region of the protein was eluted with the same buffer containing
200 mM imidazole. The core domain was characterized by N-terminal amino acid
sequencing and mass spectrometry. The concentration of the domain has been
spectrophotometrically determined, using the extinction coefficient, ε280 = 2.7690 × 104

cm−1 M−1 (monomer) (16,21,22,23).

Fluorescence Measurements
All steady-state fluorescence titrations were performed using the ISS PC-1
spectrofluorometer (Urbana, IL), as previously described by us (29–34). The state of the
DnaT protein oligomerization has been analyzed using the fluorescence anisotropy, r, of the
protein tryptophan residues defined as (35–39)

(1)
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where IVV and IVH are fluorescence intensities with the first and second subscripts refer to
vertical (V) polarization of the excitation and vertical (V) or horizontal (H) polarization of
the emitted light (35–40). The factor, G = IHV/IHH, corrects for the different sensitivity of
the emission monochromator for vertically and horizontally polarized light (35–39). The
sample was excited at 296 nm (protein tryptophan absorption band) and the emission
recorded at 347 nm (protein tryptophan emission band).

Analytical Ultracentrifugation Measurements
Analytical ultracentrifugation experiments were performed with an Optima XL-A analytical
ultracentrifuge (Beckman Inc., Palo Alto, CA), using double-sector charcoal-filled 12 mm
centerpieces, as previously described by us (40–43). Sedimentation equilibrium scans were
collected at the absorption band of the protein (280 nm), or at 497 nm for the DnaT S3C
variant labeled with fluorescein. The sedimentation was considered to be at equilibrium
when consecutive scans, separated by time intervals of 8 hrs, did not indicate any changes.
For the n-component system, the total concentration at radial position r, cr, is defined by
(44)

(2)

where cbi, ν̄i, and Mi are the concentrations at the bottom of the cell, partial specific volume
and molecular weight of "i" component, respectively, ρ is the density of the solution, ω is
the angular velocity, and b is the base-line error term. The partial specific volumes of the
DnaT protein and its N-terminal core domain, calculated from the amino acid sequences, are
ν̄i = 0.740 ml/g and ν̄i = 0.743 ml/g, respectively (45). Equilibrium sedimentation profiles
were fitted to eq. 2 with Mi and b as fitting parameters (40–43).

Sedimentation velocity scans were collected at the absorption band of the DnaT protein at
280 nm. Time derivative analyses of sedimentation scans were performed with the software
supplied by the manufacturer, using averages of eight to fifteen scans for each concentration
as described before (40–43). The values of sedimentation coefficients, s20,w, were corrected
to for solvent viscosity and temperature to standard conditions (44).

RESULTS
Oligomerization of the Wild-Type DnaT Protein in Solution

As mentioned above, early studies of the DnaT protein indicated that the protein forms
different oligomeric states, although the trimer dominates the oligomer population (14).
Because, the intensity of the fluorescence emission of the DnaT protein is strictly
proportional to the protein concentration, i.e., it is not affected by the monomer association
reactions (data not shown), the oligomeric state of the protein in solution has been
addressed, using the steady-state fluorescence anisotropy method (35–40,46). The approach
is very sensitive to the presence of the molecular species, differing in rotational correlation
times, which is an expected outcome for the oligomerization reaction (35–40,46). The
dependence of the DnaT protein fluorescence anisotropy upon the total monomer
concentration, in buffer C (pH 7.0, 20°C), is shown in Figure 1. At the monomer
concentrations lower than ~1 – 2 × 10−8 M the fluorescence anisotropy has a value of ~0.05.
The increase of the monomer concentration causes the increase of the anisotropy of the
sample, which, at saturation, reaches a plateau at r ≈ 0.115. These data indicate the presence
of molecular species differing in fluorescence rotational correlation times, i.e., differing in
their molecular masses (35–40,46). Moreover, the data show that the protein undergoes an
association reaction, from the entity dominating at low [DnaT], i.e., monomer, to a specific
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species, which dominates the oligomer population at high protein concentrations (Figure 1).
Nevertheless, at the total monomer concentration above ~10−5 M, the protein shows some
tendency to aggregate (data not shown).

Inspection of the data in Figure 1 shows that the entire association curve spans less than ~2
orders of magnitude on the total concentration scale of the protein monomer, between 10%
and 90% of the observed anisotropy change (35). Knowing that the final oligomeric state of
the DnaT protein in the high [DnaT] range is a trimer (see below), such behavior provides
the first indication that the observed association predominantly includes a monomer - trimer
reaction (35). For instance, in the case of the dimerization reaction, the titration curve spans
~2.9 orders of magnitude on the total monomer concentration scale (see below) (35).
Therefore, the association reaction is defined by the equilibrium process, in which three
DnaT monomers form a trimer, as (47–56)

(3)

The equilibrium trimerization constant, KT, is

(4)

The total concentration of the DnaT monomer, [M]T, is defined in terms of the free
monomer concentration, [M]F and KT, by the mass conservation expression as

(5)

The observed fluorescence anisotropy of the system is then defined by expression (35)

(6)

where rM and rT are fluorescence anisotropies of the monomer and the trimer, respectively.
The quantities, fM and fT, are the fractional contributions of the monomer and the trimer to
the total emission of the sample, and in general, are described as

(7a)

and

(7b)

where, FM and FTr are molar fluorescence intensities of the monomer and the trimer,
respectively. Because the protein emission intensity is strictly proportional to the total
monomer concentration (see above), one has FTr = 3FM in eqs. 7a and 7b. The solid line in
Figure 1 is the nonlinear least-squares fit of the experimental titration curve, using eqs. 3 –
7. Both, rM and rT, can be estimated from the plateaus of titration curve. We have also
additionally measured these parameters using the solutions of the DnaT protein with very
low (~1 × 10−9 M (monomer)) and very high (~2 × 10−5 M (monomer)) protein
concentrations, respectively. This leaves KT as an independent parameter. The fit provides,
KT = (3.5 ± 0.6) × 1014 M−2, with rM = 0.049 ± 0.001, and rT = 0.115 ± 0.001. It is evident
that the model provides an excellent description of the experimental titration curve.
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For comparison, we also addressed the thermodynamic model, which includes the dimer as
an intermediate but contains a single binding parameter similar to the trimer model
discussed above, i.e., a single binding constant, KM, characterizing the monomer-monomer
interactions. The equilibrium system is defined as (35,47–56)

(8)

The corresponding association constants are

(9)

and

(10)

The mass conservation of the total monomer concentration, [M]T, is then defined in terms of
the free monomer concentration, [M]F, and KM as

(11)

The observed fluorescence anisotropy is described as

(12)

where rM, rD, and rT are fluorescence anisotropies of the monomer, dimer, and trimer. The
quantities, fM, fD, and fT are the fractional contributions of the monomer, dimer, and trimer
to the total emission of the sample, defined as

(13a)

(13b)

(13b)

and

(13c)

where FM, FD, and FTr are molar fluorescence intensities of the monomer and the trimer,
respectively. As discussed above, one can take, FD = 2FM and FTr = 3FM in eqs. 13a – 13c.
There are two independent parameters, KM and rD, which remain to be determined. The
dashed line in Figures 1 is the best fit of the experimental curve using eqs. 8 – 13. It is clear
that the reaction, which assumes the presence of a significant population of the dimer, does
not adequately describe the experimental data (see Discussion).
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Sedimentation Equilibrium Studies of the DnaT Protein
The maximum stoichiometry of the DnaT oligomer, formed at the high protein
concentrations, has been directly addressed using the sedimentation equilibrium method
(41–44). Examples of the sedimentation equilibrium profiles of the DnaT protein in buffer C
(pH 7.0, 25°C), recorded at the protein absorption band (280 nm) and at different rotational
speeds, are shown in Figure 2. The selected protein concentration (2.86 × 10−6 M
(monomer)) corresponds to the final plateau observed in the fluorescence anisotropy titration
(Figure 1). The solid lines in Figure 2 are the nonlinear least-squares fits, using the single
exponential function defined by eq. 2. The fits provide excellent descriptions of the
experimental sedimentation profiles, indicating the presence of single species with the
molecular weight of 55,000 ± 4000. Adding additional exponents does not improve the
statistics of the fits (data not shown). The anhydrous molecular weight of the DnaT
monomer is ~19,455 (15). Therefore, these results show that, at high protein concentrations,
the DnaT protein exists as a specific and stable trimer in solution (see Discussion).

Global Conformation of the DnaT Protein Trimer in Solution
The sedimentation velocity profiles (monitored at 280 nm) of the DnaT in buffer C (pH 7.0,
25°C) are shown in Figure 3a. The concentration of the protein is 2.86 × 10−6 M (monomer).
Inspection of the sedimentation profiles clearly shows that there is a single moving
boundary, indicating the presence of a single molecular entity (40–43). To obtain the
sedimentation coefficient of the protein, s20,w, the sedimentation velocity scans have been
analyzed using the time-derivative approach as shown in Figure 3b (40–43,57,58). The value
of s20,w shows little, if any, dependence upon the protein concentration, in the protein
concentrations range (2.86 × 10−6 − 1.5 × 10−5 M (monomer)) where only the stable trimer
is present (data not shown). The obtained value of the sedimentation coefficient of the DnaT
protein is: so

20,w = 3.5 ± 0.1 S (see Discussion).

The experimental values of so
20,w, allows us to address the global shape of the DnaT trimer

in solution (44,59). As we discussed below, the presence of the specific DnaT trimer and the
fact that the isolated N-terminal core domain of the protein exclusively forms a dimer with a
dramatically increased intrinsic affinity indicate that all three monomers are in contact with
each other in the trimer (see below). Therefore, the simplest and physically realistic
hydrodynamic model of the DnaT trimer is that of the oblate ellipsoid of revolution (44,59).
Independently of any hydrodynamic models, the sedimentation coefficient is related to the
average translational frictional coefficient, f ̄p, of the protein by

(14a)

where M is the molecular weight of the anhydrous DnaT trimer and NA is the Avogadro
number. For the oblate ellipsoid of revolution, f ̄p is defined, in terms of the axial ratio, p (p =
a/b, where a is the major axis of the ellipsoid) by the Perrin equation as (44)

(14b)

where Rh is the hydrodynamic radius of the corresponding hydrated sphere, defined as
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(15)

η is the viscosity of the solvent (poise), h is the degree of the protein hydration expressed as
gH2O/gprotein, and ν̄S is the partial specific volume of the solvent equal to the inverse of its
density (44).

The degree of protein hydration, h, can be estimated by the Kuntz method (60). For the
DnaT protein, it provides h ≈ 0.393 gH2O/gprotein. However, this value of h is calculated for
the mixture of amino acids completely exposed to the solvent and represents the maximum
possible value of the degree of hydration. Part of the amino acid residues is not accessible to
the solvent in the native structure of the protein. Thus, the value of h should be corrected for
the part of the residues in the native structure that is not accessible to the solvent. The
correction factor can be obtained in a systematic way by comparing Kuntz's values for a
series of proteins with the degree of hydration of the folded structure of the same protein
(59,61). In the case of the DnaT protein, the correction factor amounts to ~0.61, thus, ~61%
of the maximum values of h is associated with the protein molecule. The corrected value of
the degree of hydration for the DnaT protein is then h = 0.240 gH2O/gprotein.

The computer simulation of the sedimentation coefficient, so
20,w of the DnaT protein as a

function of the axial ratio, p, of the oblate ellipsoid, using the corrected value of the degree
of hydration, h, is shown in Figure 3c (59). For comparison, the dependence of so

20,w as a
function of the axial ratio of the oblate ellipsoid for the protein with the maximum degree of
hydration (h = 0.393) is also included. For the corrected degree of hydration, the value of
so

20,w = 3.5 ± 0.1 S indicates that the DnaT protein trimer, in solution, has a very flat
structure and behaves like a oblate ellipsoid of revolution with the apparent axial ratio of p =
7.5 ± 0.5. For the maximum hydrated protein, the same, apparent axial ratio is p = 5.6 ± 0.4
(Figure 3c) (see Discussion).

Domain Structure of the DnaT Protein Monomer
The flat global shape of the DnaT trimer indicates that the protein monomer also has an
elongated shape and may be built of structural domains. Therefore, we address the domain
structure of the DnaT protein using the protease digestion method (Materials and Methods)
(16,27,28). Figure 4a shows the 15% polyacrylamide gel, stained with Coomassie Brilliant
Blue, of the DnaT protein in the presence of trypsin, as a function of time. In the course of
the reaction, the DnaT monomer band at ~19,500 kDa diminishes, while the smaller
dominant band at ~17,000 kDa appears on the gel and after ~45 minutes of digestion
reaction becomes the only species observed on the gel. Identical digestion reaction was
performed with the protein variant, S3C (see below). The digestion products have been
isolated by the column chromatography and analyzed, using amino acid sequencing and
mass spectrometry (Materials and Methods), showing that the large dominant species is the
N-terminal part of the protein of ~17100 kDa. The data indicate that the DnaT monomer is
built of the large, N-terminal core domain, containing the first 161 amino acids from the N-
terminus and a small C-terminal region containing the remaining 18 amino acids. The small
C-terminal region was too small to the observed on the polyacrylamide gel (Figure 4a). The
N-terminal core domain and the C-terminal region of the DnaT monomer, as reflected in the
primary structure of the protein, are shown in Figure 4b (see Discussion).

Oligomerization of the DnaT Protein N-Terminal Domain in Solution
To address the role of the N-terminal core domain and the small C-terminal region of the
DnaT protein in the oligomerization reaction, we performed the steady-state fluorescence
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anisotropy titration of the isolated N-terminal core domain. As observed for the intact DnaT,
the intensity of the fluorescence emission of the core domain is strictly proportional to the
protein concentration, i.e., it is not affected by the monomer association reactions (data not
shown), which facilitates titration analyses (see above). The dependence of the fluorescence
anisotropy of the DnaT N-terminal core domain upon the total monomer concentration, in
buffer C (pH 7.0, 20°C), is shown in Figure 5. The increase of the domain monomer
concentration causes the increase of the anisotropy of the sample, from r ~0.055, at the
monomer concentrations lower than ~1 – 2 × 10−8 M, to r ≈ 0.11 at protein concentrations >
2 × 10−6 M. Thus, the data show that the N-terminal domain undergoes an association
reaction, from the species dominating at low [N-terminal core domain (monomer)] to a
specific entity, which dominates the population at high protein concentrations (Figure 5).

The observed behavior is very similar to that of the intact DnaT protein (Figure 1), however,
there is a dramatic difference. Inspection of the data in Figure 5 shows that the entire
association curve spans ~3 orders of magnitude on the protein total monomer concentration
scale, between 10% and 90% of the observed signal (35). As discussed above, such behavior
provides the first indication that the observed association predominantly includes the
monomer - dimer reaction (35). In other words, the N-terminal core domain does not form a
trimer but a dimer (see below). The thermodynamic model, which describes the data, is
defined by the equilibrium process, in which two molecules of the N-terminal domain
associate forming a dimer, i.e.,

(16)

The equilibrium dimerization constant, KD, is defined as

(17)

The total monomer concentration of the N-terminal core domain, [M]T, is defined in terms
of the free monomer [M]F and KD by the mass conservation expression as (47–56)

(18)

The observed fluorescence anisotropy of the system is then described by (35,36)

(19)

where rM and rD are fluorescence anisotropies of the domain monomer and the domain
dimer, respectively. The quantities, fM and fD, are the fractional contributions of the
monomer and the dimer to the total emission, i.e.,

(20a)

and

(20b)

where, FM and FDr are molar fluorescence intensities of the monomer and the dimer,
respectively. In our case, FDr = 2FM in eqs. 20a and 20b. The solid line in Figure 5 is the
nonlinear least-squares fit of the experimental titration curve, using eqs. 16 – 20. Both, rM
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and rD, can be estimated from the titration curve, leaving KD as an independent parameter.
The fit provides, KD = (2.1 ± 0.5) × 107 M−1, with rM = 0.055 ± 0.001, and rD = 0.112 ±
0.001. For comparison, the dashed line in Figure 5 is the best fit of the experimental curve,
using the trimer model, as described by eqs. 3 – 7. It is clear that the trimer model does not
adequately describe the N-terminal domain association reaction (see Discussion).

Sedimentation Equilibrium Studies of the DnaT N-Terminal Core Domain Oligomeric State
The sedimentation equilibrium profile of the isolated DnaT N-terminal core domain in
buffer C (pH 7.0, 20°C), recorded at the protein absorption band (280 nm) and different
rotational speeds, is shown in Figure 6a. The protein concentration (2.14 × 10−6 M (domain
monomer)) was selected on the basis of the final plateaus observed in the fluorescence
anisotropy titrations (Figure 5). The smooth solid lines in Figure 6a are the nonlinear least-
squares fits, using the single exponential function defined by eq. 2. The fits indicate the
presence of a single species with the molecular weights of 32000 ± 3000. With the
molecular weight of the DnaT N-terminal domain of ~17,100, the results show that, at high
protein concentrations, the domain forms a dimer in solution (see Discussion).

We have also addressed the final oligomeric state of the N-terminal core domain using the
protein variant, S3C, labeled with fluorescein. The protein has been subjected to trypsin
digestion (see above) and the reaction was stopped after 1 hour, using 1 mM PMSF. The
sedimentation equilibrium profile of the DnaT N-terminal core domain, labeled with
fluorescein, in buffer C (pH 7.0, 20°C), containing 1 mM PMSF, recorded at the fluorescein
absorption band (497 nm), is shown in Figure 6b. The protein concentration is 5.0 × 10−6 M
(domain monomer) (Figure 5). The solid line in Figure 6b is the nonlinear least-squares fit,
using the single exponential function (eq. 2). The fit indicates the presence of a single
species with the molecular weights of 35000 ± 3000. Thus, as observed for the unlabeled
isolated domain, the fluorescein-labeled, DnaT N-terminal core domain forms a dimer in
solution (see Discussion).

Global Conformation of the DnaT N-Terminal Core Domain Dimer
The sedimentation velocity profiles (monitored at 280 nm) of the DnaT N-terminal core
domain in buffer C (pH 7.0, 25°C) are shown in Figure 7a. The concentration of the protein
is 1.07 × 10−5 M (monomer), i.e., it corresponds to the plateau of the fluorescence
anisotropy titration curve (Figure 5). Inspection of the sedimentation profiles clearly shows
that there is a single moving boundary, indicating the presence of a single molecular entity
(40–43). The sedimentation velocity scans have been analyzed using the time-derivative
approach, as shown in Figure 7b (57–59). The dependence of s20,w upon the domain dimer
concentration is shown in Figure 7c. The extrapolation to the zero concentration provides
the corrected value of the sedimentation coefficient of the DnaT N-terminal core domain as,
so

20,w = 2.3 ± 0.1 S (Figure 7c).

Analogously to the trimer, the hydrodynamic shape of the DnaT domain dimer, using the
model of the oblate ellipsoid of revolution, has been addressed as discussed above (eqs. 14
and 15). The degree of hydration, h, estimated by the Kuntz method is 0.389 gH2O/gprotein
(60). Correction for the part of residues in the native structure that is not accessible to the
solvent provides h ≈ 0.235 gH2O/gprotein (59,61). The computer simulation of the
sedimentation coefficient, so

20,w of the N-terminal domain as a function of the axial ratio, p,
of the oblate ellipsoid, using the corrected value of the degree of hydration, h, is shown in
Figure 7d, together with the dependence of so

20,w as a function of the axial ratio of the
oblate ellipsoid for the protein with the maximum degree of hydration (h = 0.389 gH2O/
gprotein) (59). For the corrected degree of hydration, the value of so

20,w = 2.3 ± 0.1 S
indicates that the core domain dimer, in solution, also has a very flat structure and
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hydrodynamically behaves like an oblate ellipsoid of revolution with the apparent axial ratio
of p = 9.1 ± 0.5. For the maximum hydrated protein, the same axial ratio is p = 7.5 ± 0.6
(Figure 7d) (see Discussion).

DISCUSSION
The DnaT Protein Forms a Monomer - Trimer Equilibrium System in Solution

In spite of the key role of the DnaT in the process of the primosome assembly, to our
knowledge, the results reported in this work are the first quantitative analyses of the DnaT
oligomerization process. Although the DnaT protein shows some propensity to aggregate at
very high protein concentrations, the specific and largest oligomer of the protein is a homo-
trimer (Figures 1 and 2). Nevertheless, the affinity of forming the trimer is rather modest
and, as the protein concentration decreases below ~5 × 10−7 M (monomer), the trimer
disintegrates into monomers. Figure 8 shows the dependence of the molar fractions of the
DnaT monomer in the monomer and the trimer states as a function of the total monomer
concentration, obtained using the determined trimerization constant, KT ≈ 3.5 × 1014 M−2.
Because, in the presence of magnesium, KT is independent of the temperature (see
accompanying paper), the distribution applies to all physiological temperatures. Thus, the
trimer state dominates the population distribution at the total monomer concentration ≥ 5 ×
10−7 M. In this context, the estimated total concentration of the DnaT monomer in the E.
coli cell is ~8 × 10−8 M and is marked in Figure 8 (14). It is evident that, at the estimated
concentration of the protein in the cell, the DnaT protein does not exclusively exist as a
trimer, but as a 3:1 molar mixture of the monomer and trimer states.

DnaT Trimerization is a Highly Cooperative Process
A surprising aspect of the observed DnaT trimerization reaction is that, in spite of the
modest affinity, it is a high cooperative process. The oligomerization curve (Figure 1) is
adequately described by the monomer <-> trimer equilibrium, characterized by a single
equilibrium constant, KT. Nevertheless, with the exception of some extremely rare cases,
chemical association reactions occur as bimolecular encounters, particularly at the
concentration used in biochemical studies (62). In other words, the dimer must be present,
although its population must be very low. In a more complex model, which includes two
binding parameters, the intrinsic binding constant, KM, and cooperativity parameter, σ, the
total concentration of the protein monomer is defined as (47–56)

(21a)

The cooperative interactions parameter, σ, describes the increased affinity of the association
of the third monomer, resulting in the trimer formation. The very small population of the
dimer indicates that in the DnaT system, σ is large and positive, and eq. 21a effectively
reduces to eq. 5, as

(21b)

with the identity,  (47–56).

As we stated above, the high cooperativity of the system precludes any unique and
independent determination of KM and σ, due to their highly correlated values. The nonlinear
least-squares fit of the titration curve using the model defined by eq. 21a is shown in Figure
1. The plot has been obtained by setting a given value of KM and fitting σ and rD. The fit
offers only the maximum possible value of the KM = (7 ± 1) × 105 M−1 and the minimum
value of σ = 730 ± 100, which provide an adequate representation of the experimental data.
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For values of KM higher than its maximum value, the model (eq. 21a) ceases to represent the
experimental titration curve (plot not shown). For any values of KM lower than its maximum
value, a corresponding larger value of σ matches the value of KM. An example of such plot
is included in Figure 1.

The DnaT Monomer Possesses Heterogeneous Binding Sites
Several conclusions concerning the DnaT protein can be deduced from the very fact that the
protein forms a specific homo-trimer. Thus, formation of the trimer indicates that the
monomer must possess heterogeneous interacting areas, i.e., at least two different interacting
sites. The first two monomers, already engaged in the dimer through their interacting sites,
must possess additional binding areas, which are able to accept the third monomer.
Moreover, interactions of the third monomer, within the trimer, must be different from the
interactions between the two remaining monomers (see below). The high cooperativity of
the trimerization reaction strongly corroborates this last conclusion. Experiments with the N-
terminal core domain, which exclusively forms a high-affinity dimer and the role of the C-
terminal region in the trimerization reaction provide strong evidences for the heterogeneity
of the DnaT monomer binding sites (see below).

The DnaT Monomer Is Built of a Large Core Domain and a Small C-Terminal Region and
Possesses Two Binding Sites Located on the N-Terminal Core Domain and the C-Terminal
Region of the Protein, Respectively

Trypsin digestion studies revealed that the DnaT protein is built of the large N-terminal core
domain and the small C-terminal region (Figures 4a and 4b). Theoretical analysis of
secondary structure of the 18 amino acid sequence of the C-terminal domain indicates that it
is a flexible, unstructured entity within the protein structure (data not shown). Yet, the
removal of the C-terminal domain dramatically affects the oligomerization of the DnaT
protein. Instead of the specific trimer, a specific dimer of the N-terminal core domain is
formed (Figure 5). There are two fundamental aspects of these results. First, one of the
monomer-binding sites is located on the large N-terminal domain, which allows the
monomers to form the core-domain dimer, while the small C-terminal region forms the other
binding site. Second, the third monomer in the trimer is associated with the remaining two
monomers through the C-terminal regions, not through the N-terminal core domains, which
in the dimer are already engaged in interactions.

In the DnaT Trimer, Each Monomer is in Contact with Two Other Monomers
Another aspect of the high specificity of the DnaT trimerization reaction, i.e., the absence of
any oligomers larger than the homo-trimer, indicates that each monomer in the DnaT trimer
is in contact with the remaining two monomers. If a linear oligomer were formed, resulting
in a specific homo-trimer structure with only nearest-neighbor interactions, then this would
imply that one of the monomers has two interacting areas to engage the other two
monomers, while the other two monomers do not have that capacity. Because the monomers
are identical, such a linear model would require a very peculiar and profound,
conformational transition of at least one of the monomers involving its C-terminal region. It
would also require a strong spatial separation of the C-terminal region from the interacting
of the initially formed dimer, at least through the distance of one monomer. However, it
would not explain why the removal of the C-terminal region, far from the interacting areas
in the initial dimer, dramatically increases the affinity of the dimer of the isolated N-terminal
core domain (Figure 5).

Notice, if the DnaT trimer were a linear oligomer and modeled as a corresponding prolate
ellipsoid of revolution, then for so

20,w = 3.5 ± 0.1 S, its axial ratio would be p ≈ 6.5 (data not
shown). For a linear oligomer, this would mean that the axial ratio of the corresponding
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linear dimer of the same protein is p ≈ 4.3. Yet, the axial ratio of the N-terminal core
domain dimer with so

20,w = 2.3 ± 0.1 S, when modeled as a prolate ellipsoid of revolution, is
p ≈ 7.8 (data not shown). Clearly, the linear dimer/trimer model does not adequately
describe hydrodynamic behavior of the DnaT protein. Furthermore, removal of the C-
terminal region does not eliminate the ability of the monomer to interact with the other
monomer and to form a dimer (Figure 5). Contrary, the intrinsic affinity within the domain
dimer is considerably higher than between monomers in the trimer. This indicates that the
small C-terminal regions, in the intact monomers, hinder the interactions and are close to the
interacting areas of the monomers in the dimer, i.e., close to the center of the formed, initial
dimer molecule. The dimer of the N-terminal core domain lacks the binding site for the third
monomer and this binding site must involve the C-terminal regions of all three monomers
(see below).

High Affinity of the N-Terminal Core Domain Dimer Indicates That the DnaT Monomer
Undergoes a Conformational Transition Upon Oligomerization, Involving the Small C-
Terminal Region

The high affinity of the isolated N-terminal core domain is striking. Interactions between
monomer in the domain dimer are characterized by KD = (2.1 ± 0.5) × 107 M−1 (Figure 5),
i.e., ΔGD° ~ − 9.8 kcal/mol, while the average free energy of interactions among the
monomers in the trimer, with KT = (3.5 ± 0.5) × 1014 M−2, is (1/3) ΔGT° ~ − 6.5 kcal/mol
(Figure 1). Also, the high cooperativity of the trimerization indicates that KD cannot be the

intrinsic affinity, KM, of the DnaT monomers in the trimer (eqs. 11 and 21a). With 
(eq. 21b) the value of KD = KM (eqs. 11 and 21a) would imply that σ ≈ 0.8. Such a value of
σ would produce a negatively cooperative trimerization process, instead of a strongly
positive cooperative reaction, as experimentally observed (Figure 1) (47–56). Moreover, the
maximum possible value of KM is ~ 7 × 105 M−1, i.e., approximately two orders of
magnitude lower than KD characterizing the N-terminal domain dimer (Figure 1, see above).
The removal of the small C-terminal region clearly and dramatically increases the intrinsic
affinity of the interacting site located on the core domain. This behavior reinforces the
conclusion that in the intact DnaT monomer, the flexible C-terminal region blocks the
binding site located on the N-terminal domain, resulting in its diminished intrinsic affinity,
as compared to the affinity of the isolated domain (see below). The results indicate that
formation of the initial dimer of the intact protein induces a conformational transition, at the
energetic expense of the intrinsic binding process, which takes away the C-terminal domain
and sets it up for engagement of the third monomer in the trimer. The entire process is
controlled by magnesium cations binding (accompanying paper).

Models of the DnaT Trimer Structure
The discussion above and the analysis of the hydrodynamic behavior of the DnaT trimer and
the N-terminal core domain dimer allow us to propose a model of the DnaT trimer structure
based on the obtained results and the general theoretical analysis of the hydrodynamic
properties of the monomer and the oligomers (63). First, because of the very low
concentration of the protein, where the monomer dominates the population distribution (< 5
× 10−8 M (monomer)), we could not directly determine the sedimentation coefficient and the
shape of the DnaT monomer. Nevertheless, we can get insight as to the shape of the
monomer based on the sedimentation data of the DnaT trimer and the N-terminal core
domain.

The very flat structures of the DnaT trimer and the N-terminal domain dimer, with the
hydrodynamic axial ratios of p ≈ 7.5 and p ≈ 9.1, respectively, indicate that the monomers
must have an elongated structure. For the simpler structure of the domain dimer, the value of
p ≈ 9.1 indicates that the monomer has the minimal axial ratio of p ≈ 4.5 (43,45,59). The
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small and flexible C-terminal region will not affect this global hydrodynamic property. With
the axial ratio of ~4.5, the sedimentation coefficient of the monomer of ~17,100 kDa and
modeled as a prolate ellipsoid of revolution, is ~1.69 S (43,59,63). The ratios of the
sedimentation coefficients of the dimer - monomer and trimer - monomer are then ~1.36 and
~2.07, respectively. Theoretical dependences of the sedimentation ratios of the monomers
and corresponding dimer and trimer structures have been thoroughly described by Andrews
and Jeffrey (63). Using their results, one obtains that the DnaT trimer has a global structure
very close to the CTV-type assembly and the dimer of the N-terminal core domain has a
global structure very close to the HR90 complex (63). No other structures are similarly
compatible with the obtained sedimentation ratios. Moreover, the CTV structure of the
trimer results from the attachment of the third monomer molecule to the HR90-type dimer in
the center of the dimer molecule, without any rearrangement of the protomers. This is
exactly what the thermodynamic and hydrodynamic data indicate for the formation of the
DnaT trimer. These global structures of the DnaT trimer and dimer are schematically
depicted in Figures 9a and 9b.

Figure 9c shows the major aspects of the DnaT trimerization and the N-terminal domain
dimerization reactions, based on analyses presented in this work. At a very low protein
concentration, the flexible C-terminal region is blocking the access to the binding site
located on the N-core terminal domain in the free DnaT monomer. Data discussed in the
accompanying paper indicated that, in fact, the C-terminal region interacts with the N-
terminal core domain, affecting the enthalpy of the trimerization reaction. Upon formation
of the initial dimer, the protein undergoes a conformational transition at the expense of the
intrinsic binding energy, which frees the binding site on the N-terminal core domain from
the C-terminal region. The two C-terminal regions in the dimer form a binding site for the
third monomer. Thus, the third monomer engages two other monomers in interactions,
mediated through the C-terminal regions of all three monomers. In the case of the isolated
N-terminal core domain, the small C-terminal region is missing and the protein forms a
specific dimer through the remaining binding site located on the core domain. The process is
characterized by strongly increased intrinsic affinity, as the C-terminal region is not
blocking the access to the binding sites (Figure 9c).
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Figure 1.
The dependence of the DnaT fluorescence anisotropy upon the total DnaT monomer
concentration (λex = 296 nm, λem = 347 nm) in buffer C (pH 7.0, 20°C) (Materials and
Methods). The solid blue line is the nonlinear least-squares fit of the titration curve, using
the trimer model described by eqs. 3 – 7 with KT = 3.5 × 1014 M−2, rM = 0.049, and rT =
0.115. The dashed line is the best fit of the titration curve using the monomer<-> dimer <->
trimer model described by eqs. 8 – 13, with KM = 1.8 × 107 M−1, rM = 0.049, rD = 0.082,
and rT = 0.115. The symbols ( ) represent the nonlinear least squares fit of the titration
curve using the cooperative monomer<-> dimer <-> trimer model (eq. 21a), with KM = 7 ×
105 M−1, σ = 730, rM = 0.049, rD = 0.082, and rT = 0.115. The symbols ( ) represent the
computer simulation of the titration curve, using the cooperative monomer<-> dimer <->
trimer model (eq. 21a), with KM = 1 × 105 M−1, σ = 35,000, rM = 0.049, rD = 0.082, and rT
= 0.115.
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Figure 2.
Sedimentation equilibrium concentration profiles of the DnaT protein in buffer C (pH 7.0,
25°C). The concentration of the protein is 2.86 × 10−6 M (monomer). The profiles have been
recorded at 280 nm and at 14000 (blue), 16000 (red), and 18000 (green) rpm. The smooth
solid lines are the nonlinear least-squares fits to a single exponential function (eq. 2), with a
single species having a molecular weight of 55000 (Materials and Methods). Lower panel
shows the residuals of the fits.
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Figure 3.
a. Sedimentation velocity absorption profiles at 280 nm of the DnaT protein in buffer C (pH
7.0, 25°C). The concentration of the DnaT is 2.86 × 10−6 M (monomer); 50000 rpm. b.
Apparent sedimentation coefficient distribution, g(s*), as a function of the radial
sedimentation coefficient coordinate, s*, obtained from the time derivatives of the DnaT
protein sedimentation profiles recorded at 280 nm in buffer C (pH 7.0, 25°C); 50000 rpm.
The solid line is the nonlinear least-squares fit of the distribution using the software
provided by the manufacturer (Materials and Methods). c. Computer simulation of the
sedimentation, so

20,w, as a function of the axial ratio of the oblate ellipsoid of revolution, p,
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for different values of the degree of hydration, h (gH2O/gprotein) of the DnaT protein; 0.393
(blue) 0.240 (red). The plots have been generated using eqs. 14 – 15. The dashed horizontal
line marks the value of the sedimentation coefficient, so

20,w = 3.5 of the DnaT protein
trimer. The arrows indicate values of the axial ratio, p, corresponding to the same so

20,w at
different degrees of hydration (see text for details).
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Figure 4.
a. The SDS polyacrylamide gel (15%) of the DnaT protein subjected to the time-dependent
trypsin digestion (buffer C, pH 7.0, 20°C) and stained with Coomasie Brilliant Blue
(Materials and Methods). Lane MW contains the molecular markers. Lane 1 contains DnaT
alone. Subsequent lanes contains DnaT-trypsin mixture (molar ratio = 140:1) at different
times of the digestion reaction (min); lane 2, 5; lane 3, 10; lane 4, 20; lane 5, 30; lane 6, 45;
lane 7, 60; lane 8, 90; lane 9, 120; lane 10, trypsin alone (details in text). b. Primary
structure of the DnaT monomer with the N-terminal core domain and the small C-terminal
region marked in different colors (15).
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Figure 5.
The dependence of the DnaT N-terminal core domain fluorescence anisotropy upon the total
domain monomer concentration (λex = 296 nm, λem = 347 nm) in buffer C (pH 7.0, 20°C)
(Materials and Methods). The solid line is the nonlinear least-squares fit of the titration
curve, using the dimer model described by eqs. 16 – 20, with KD = 2.1 × 107 M−1, rM =
0.055, and rT = 0.112. The dashed line is the best fit of the titration curve using monomer <-
> trimer model described by eqs. 3 – 7, with KT = 2.5 × 1014 M−2, rM = 0.055, rD = 0.112.
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Figure 6.
a. Sedimentation equilibrium concentration profiles of the isolated DnaT N-terminal core
domain in buffer C (pH 7.0, 20°C). The concentration of the protein is 2.14 × 10−6 M
(monomer). The profiles have been recorded at 280 nm and at 22000, 24000, and 26000
rpm. The smooth solid lines are the nonlinear least-squares fits to a single exponential
function (eq. 2), with a single species having a molecular weight of 32000 (Materials and
Methods). Lower panel shows the residuals of the fits. b. Sedimentation equilibrium
concentration profiles of the fluorescein labeled N-terminal core domain of the DnaT
variant, S3C, in buffer C (pH 7.0, 25°C). The concentration of the protein is 5.0 × 10−6 M
(monomer). The profiles have been recorded at 497 nm and at 16000 rpm. The solid line is
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the nonlinear least-squares fit to a single exponential function (eq. 2), with a single species
having a molecular weight of 35000 (Materials and Methods). Lower panel shows the
residuals of the fits.
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Figure 7.
a. Sedimentation velocity absorption profiles at 280 nm of the DnaT N-terminal core
domain in buffer C (pH 7.0, 25°C), containing 1 mM PMSF. The concentration of the DnaT
is 1.07 × 10−5 M (monomer); 50000 rpm. b. Apparent sedimentation coefficient distribution,
g(s*), as a function of the radial sedimentation coefficient coordinate, s*, obtained from the
time derivatives of the DnaT N-terminal domain sedimentation profiles recorded at 280 nm
in buffer C (pH 7.0, 25°C); 50000 rpm. The solid line is the nonlinear fit of the distribution
using the software provided by the manufacturer (Materials and Methods). c. Dependence of
the sedimentation coefficient of the DnaT N-terminal core domain upon the concentration of
the protein (monomer). The solid line is the linear least-squares fit of the data, which
provides so

20,w = 2.3 ± 0.1 S (extrapolated dashed line). d. Computer simulation of the
sedimentation, so

20,w, as a function of the axial ratio of the oblate ellipsoid of revolution, p,
for different values of the degree of hydration, h (gH2O/gprotein) of the DnaT N-terminal
domain; 0.389 (blue) 0.235 (red). The plots have been generated using eqs. 14 – 15. The
solid horizontal line marks the value of the sedimentation coefficient, so

20,w = 2.3. The
arrows indicate values of the axial ratio, p, corresponding to the same so

20,w at different
degrees of hydration (see text for details).
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Figure 8.
The dependence of molar fractions of the DnaT monomer in the monomer and the trimer
state as a function of the total monomer concentration, obtained using eqs, 3 – 7 and the
determined trimerization constant, KT ≈ 3.5 × 1014 M−2. The trimer state dominates the
population distribution of the DnaT protein at the total monomer concentration ≥ 3 × 10−7

M. the estimated concentration of the DnaT monomer in the E. coli cell is ~8 × 10−8 M and
is marked in the figure (14).
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Figure 9.
a. Schematic representations of the global structures of the DnaT trimer and dimer obtained
on the basis of the thermodynamic and hydrodynamic analyses discussed in this work, and
the theoretical analysis of the monomer - oligomer sedimentation ratios (63) (details in text).
b. Major aspects of the DnaT trimerization and the N-terminal core domain dimerization
reactions. At a very low DnaT protein concentration, where the protein is in monomeric
state, the small C-terminal region blocks access to the binding site located on the N-terminal
core domain. Upon formation of the initial dimer, the protein undergoes a conformational
transition, at the expense of the intrinsic binding energy, which frees the site on the N-
terminal core domain from the C-terminal region. The third monomer engages the two
associated monomers in interactions through the C-terminal domains. In the case of the
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isolated, N-terminal core domain, the small C-terminal region is missing and the domain
forms a specific dimer with increased intrinsic affinity (details in text).
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