
Summary 
Interactions between proteins and nucleic acids often re-

sult in binding stoichiometries greater than 1:1 and may 

exhibit cooperativity, allosteric hindrance, or other com-

plex phenomena.  Quantifying the affinity and stoichiom-

etry of these biomolecular assemblies is key to under-

standing the mechanism of interaction and to developing 

therapeutics that target and modulate them.   

Here, we present the characterization of protein-DNA 

complexes using two complementary multi-angle light 

scattering (MALS) techniques:  1) in combination with size 

exclusion chromatography (SEC-MALS) and protein conju-

gate analysis to measure the overall complex molar mass 

and fraction of DNA and 2) composition-gradient MALS 

(CG-MALS) to quantify the stoichiometry and affinity at 

each binding site in the complex formation. 

Introduction 

Protein-nucleic acid interactions are among the most fun-

damental biological processes. Examples include the inte-

gration of viral genes into the host DNA and DNA recom-

bination during meiosis.  Biophysical characterization of 

these molecules and their interactions are central to un-

derstanding how viruses invade our bodies and replicate 

within our cells, and to developing effective antiviral, anti-

cancer and genetic therapeutics.  

SEC-MALS 

Multi-angle light scattering (MALS) enables direct meas-

urement of the molar mass of biomolecules and com-

plexes of biomolecules in solution.  When included down-

stream of size exclusion chromatography (SEC), the com-

bination of a MALS detector, UV detector, and differential 

refractive index (dRI) detector provides the absolute mo-

lar mass and molar mass distribution of each eluting 

peak, irrespective of conformation or non-ideal column 

interactions.   

 

Figure 1:  Top:  PFV intasome (PDB ID:  3L2Q).  Bottom:  Cre-loxP syn-
apse tetramer (PDB ID: 3MGV) 

SEC-UV-MALS-dRI is especially useful for determining the 

molar mass of proteins conjugated with other macromol-

ecules (e.g., pegylated proteins) or in noncovalent com-

plexes with other species, such as protein-DNA com-

plexes.  The protein conjugate analysis in Wyatt’s ASTRA® 

software for SEC-MALS determines the molar mass of the 

entire complex and the amount of modifier (e.g., DNA) 

associated with the protein monomer or oligomer.   

CG-MALS 

Composition-gradient MALS (CG-MALS) is a non-fraction-

ating technique for quantifying the affinity and stoichiom-
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etry of macromolecular interactions, without sample tag-

ging, immobilization, or other modifications that could in-

terfere with these phenomena. In a CG-MALS experiment, 

different ratios of protein and DNA are combined, and the 

resulting weight-average molar mass values are analyzed 

to determine the absolute stoichiometry and quantify the 

affinity at each binding site.  This powerful technique is 

especially useful when the stoichiometry of the com-

plexes is beyond 1:1 or when the molecules exhibit self-

association in addition to hetero-association. CG-MALS 

can readily distinguish equivalent from non-equivalent 

binding sites or cooperative behavior.  

 

Figure 2:  Schematic of CG-MALS hardware, including Calypso, inline 
concentration (UV) detector, and MALS detector 

In this white paper, we highlight the application of SEC-

MALS protein conjugate analysis for characterizing a com-

plex of prototype foamy virus integrase (PFV IN) bound to 

U5 viral DNA.  The complex was loaded on the SEC col-

umn, and the eluting peak confirms the protein-DNA stoi-

chiometry in the SAXS/SANS structure of the PFV in-

tasome (Figure 1, top).  The original data were published 

in reference [1]. 

In addition, we characterize the interaction between Cre 

recombinase and a 34 bp loxP DNA sequence in two dif-

ferent pH buffers using CG-MALS.  We confirm that at pH 

7.5, two Cre recombinases bind cooperatively to the DNA 

recognition site, and this 2:1 complex dimerizes to form 

the synapse tetramer (Figure 1, bottom) while at pH 9.5, 

synapsis is lost. 

Materials and Methods 

Size-exclusion chromatography with multi-angle light 

scattering detection (SEC-MALS) 

Size-exclusion chromatography was performed using a Su-

perdex 200 10/300 GL column (GE Healthcare).  The efflu-

ent of the column flowed through an inline UV detector, 

DAWN™ MALS detector, and Optilab™ differential refrac-

tive index detector (Figure 3).  

Data were analyzed using the Protein Conjugate Analysis 

method in ASTRA.  To determine the extinction coefficient 

of PFV IN, the protein was injected on the SEC-UV-MALS-

RI system.  ASTRA’s UV Extinction from RI Peak method 

was applied using a dn/dc of 0.185 mL/g for the protein 

alone, resulting in a measured extinction coefficient of 

0.75 (g/L)-1cm-1 at 280 nm for the protein.  For the protein 

conjugate analysis, an extinction coefficient of  

13.2 (g/L)-1cm-1 at 280 nm and a dn/dc value of 

 0.170 mL/g were used for the DNA (“modifier”). 

 

Figure 3:  Schematic of SEC-UV-MALS-RI hardware for protein conju-
gate analysis, concentration (UV) detector, and MALS detector 

Composition-gradient multi-angle light scattering 

(CG-MALS) 

A Calypso™ composition-gradient system (Figure 2) was 

used to deliver protein-DNA mixtures to a DAWN MALS 

detector and inline UV absorbance detector (Dionex).  UV 

absorbance data were measured at 280 nm and 260 nm 

simultaneously to confirm the stock concentration of 

each species.  Each experiment consisted of two, single-

component concentration gradients, to assess self-associ-

ation of Cre and loxP individually, and a dual-component 

“crossover” gradient to assess hetero-association.  After 

each composition, the flow was stopped for 1 minute 

(self-association) or up to 20 minutes (hetero-association) 

to allow the reactions to come to equilibrium within the 

MALS flow cell. 

A typical experiment is shown in Figure 4  Cre and loxP 

were diluted in buffer to approximately 0.02 mg/mL and 
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0.025 mg/mL, respectively, and filtered to 0.02 µm prior 

to loading on the Calypso.  Experiments at pH 7.5 were 

performed with HEPES buffer (20 mM HEPES, 150 mM 

NaCl, 2 mM DTT), and experiments at pH 9.5 were per-

formed in bis-tris-phosphate (BTP) buffer (20 mM BTP, 

150 mM NaCl, 5 mM MgCl2, 2 mM DTT).  All buffers were 

filtered to 0.1 µm. 

 

Figure 4:  CG-MALS method including self-association gradients for 
Cre and loxP and hetero-association (crossover) gradient 

Light scattering and composition data were fit to the ap-

propriate model using the CALYPSO™  software to deter-

mine stoichiometry and equilibrium dissociation constant 

(Kd) at each binding site. 

Results and Discussion 

Conjugate analysis by SEC-MALS 

ASTRA’s protein conjugate analysis utilizes MALS, UV and 

dRI signals to quantify two-component systems. The com-

bination of two simultaneous concentration detectors—

UV and dRI—provides the weight fractions of protein and 

modifier at each eluting slice of a chromatogram. This 

analysis is possible when the two conjugated species have 

different extinction coefficients (ε), different specific re-

fractive index increments (dn/dc), or both.   

The addition of MALS data determines the molar mass of 

each constituent (protein and modifier) as well as the  

entire complex at each eluting slice.  This analysis has 

been successfully applied to covalent protein-carbohy-

drate systems [2- 4] and noncovalently-bound complexes, 

such as lipid micelles associated with membrane proteins 

[5, 6].  Here, protein conjugate analysis was used to  

confirm that the protein-DNA stoichiometry seen in the 

crystal structure for the PFV intasome was representative 

of the complex in solution. 

Figure 5 shows results of the measurement:  the molar 

masses of the protein-DNA complex and of each compo-

nent.  The molar mass varies slightly across the peak,  

suggesting some on-column dissociation of the complex.  

Near the leading edge of the peak, the measured molar 

mass of the protein is 170 kDa, consistent with the crystal 

structure showing four PFV IV monomers in the intasome 

[7].  In the same region, the molar mass of the DNA is  

22 kDa, consistent with two 19 bp DNA oligonucleotides. 

ASTRA’s protein conjugate analysis also reports the 

weight-average protein fraction across the peak.  This 

value (89.6% protein) results in an average dn/dc of  

0.183 mL/g across the peak, consistent with the esti-

mated 0.182 mL/g used in the original analysis [1].  How-

ever, using the protein conjugate analysis means that no a 

priori knowledge about the amount of protein and DNA is 

required.  As long as the extinction coefficients and dn/dc 

of each component are known, the measurement is valid 

and independent of such assumptions. 

 

Figure 5:  Protein conjugate analysis of PFV IN bound to U5 DNA.  The 
molar mass of the protein fraction (orange circles), DNA fraction 
(open diamonds), and total complex molar mass (blue squares) are 
overlaid on the UV chromatogram. 

Affinity and stoichiometry by CG-MALS 

Under both pH conditions, the hetero-association  

between Cre and loxP is evident in the CG-MALS data.  

Figure 6 shows the measured weight-average molar mass 

during the CG-MALS hetero-association gradient.  During 

each self-association gradient (Figure 4), the molar mass 

http://www.wyatt.com/CalypsoSW


 

of Cre and loxP alone were constant as a function of  

concentration at 39 kDa and 23 kDa respectively, indicat-

ing that neither species self-associated under these con-

ditions.  Therefore, the increase in Mw upon binding re-

sults from the interaction between Cre and loxP alone.   

Differences in binding affinity and stoichiometry as a 

function of buffer pH are clearly seen in the graph.  In 

both conditions, the maximum Mw occurs at an overall 

molar ratio of [Cre] = 2[loxP] suggesting that two Cre pro-

teins bind each loxP recognition site.  However, the maxi-

mum molar mass at pH 7.5 is ~40% higher than that 

measured at pH 9.5, indicating higher order complex for-

mation.  Fitting to the CG-MALS data at each condition 

provides the absolute stoichiometry and equilibrium as-

sociation constants, for each complex that is formed un-

der each buffer condition. 

Binding at pH 7.5 

As shown in Figure 6, the measured Mw reaches a maxi-

mum at the composition [Cre] = 2[loxP], suggesting an 

overall stoichiometric ratio of 2 Cre proteins per loxP site.  

However, the maximum measured Mw (113 kDa) is signifi-

cantly greater than the molar mass of the (Cre)2(loxP) 

complex (101 kDa).  This suggests that higher order spe-

cies formed when these two molecules interact.  

In addition, at pH 7.5, CG-MALS data during the hetero-

association gradient indicate the presence of slow associ-

ation kinetics (Figure 7).  After the flow is stopped, the 

protein-DNA solution comes to equilibrium in the MALS 

detector flow cell.  The rise in light scattering signal corre-

sponds to the increase in molar mass over time as Cre-

loxP complexes are being formed.  This slow association 

eventually reaches equilibrium over the course of  

~15 minutes, timescales that are typical for some higher-

order assembly processes. 

 

Figure 6:  Overlay of measured weight-average molar mass and best 
fit curves (dashed lines) at pH 7.5 and pH 9.5.  In both cases, the Mw 
reaches a maximum where [Cre] = 2[loxP] or an overall mole fraction 
of loxP = 0.33.

   

Figure 7:  Left: Measured light scattering signal for the interaction between Cre and loxP at pH 7.5.  Right: Light scattering intensity for two mixtures 
of Cre and loxP, showing the time during which the flow is stopped and the hetero-association reactions come to equilibrium within the MALS flow 
cell over ~15 minutes.

  



 

Multi-order cooperativity 

In order to obtain a proper fit to the CG-MALS data, it was 

found that the association model requires three different 

Cre-loxP complexes in equilibrium with 1:1, 2:1, and 4:2 

stoichiometries.  The analysis shows that the binding sites 

are not equivalent; rather, Cre binds loxP with positive co-

operativity.  The first Cre binds each palindromic loxP 

recognition site with Kd = 170 nM, while the binding for 

the second Cre molecule occurs with approximately ten-

fold higher affinity of Kd = 19 nM.   

This 2:1 complex further self-assembles (synapsis) with 

Kd = 400 nM to form a final 4:2 stoichiometry. Figure 8 

shows the distribution of species at pH 7.5.  The concen-

trations of both (Cre)2(loxP) and (Cre)4(loxP)2 reach a max-

imum when [Cre] = 2[loxP] = 462 nM.  As seen in the fol-

lowing section, synapsis does not occur at pH 9.5, indicat-

ing a further degree of cooperativity beyond the increase 

of affinity upon the first Cre-loxP binding event. 

Benefits of CG-MALS 

Unlike gel shift assays or other surface-based techniques, 

CG-MALS was able to measure all three complexes form-

ing in solution, sampling the full binding mechanism.  

Other methods required controlling the concentrations of 

Cre and loxP to favor only the first binding of Cre to the 

palindromic DNA (assuming no synapsis occurs) or to en-

sure all the DNA was saturated with protein in order to fo-

cus on synapsis [7].  This type of piecemeal approach can 

miss key aspects of the interaction.   

 

Figure 8:  Molar composition of Cre-loxP complexes formed at pH 
7.5—(Cre)(loxP) (CP, green triangles), (Cre)2(loxP) (C2P, purple circles), 
and (Cre)4(loxP)2 (open squares).  The composition of free Cre and 
loxP monomers has been left off for clarity. 

In addition, the assumption that only one interaction is 

happening at a time may be invalid and cause misinter-

pretation of the measured affinity.  CG-MALS allows  

sampling of compositions where Cre is in excess and 

where loxP is in excess, thus allowing all parts of the inter-

action to be measured.  Since the light scattering data are 

directly proportional to molar mass, data interpretation is 

straightforward, and allows direct measurement of the 

complexes being formed and their equilibrium constants. 

Finally, CG-MALS provides a window into association  

kinetics in solution.  The molar mass (light scattering  

intensity) as a function of time gives insight into the 

amount of time to reach equilibrium or if self-assembly 

continues indefinitely. 

Binding at pH 9.5 

The interaction measured at pH 9.5 is significantly differ-

ent from that measured at pH 7.5.  In this case, we do not 

observe the slow association kinetics that occurred at pH 

7.5.  Moreover, the weight-average molar mass is signifi-

cantly lower than that measured at pH 7.5, indicating that 

synapsis does not occur (Figure 6).  At this pH, two Cre 

proteins bind each loxP DNA, but this complex does not 

further associate into the synapse tetramer. 

At pH 9.5, not only is synapsis abolished, but cooperativ-

ity is lost, and two Cre proteins bind each loxP with  

equivalent affinity, Kd = 24 nM. Figure 9 shows the distri-

bution of species in solution during the hetero-associa-

tion gradient. 

 

Figure 9:  Molar composition of Cre-loxP complexes formed at pH 
9.5—(Cre)(loxP) (CP, green triangles) and (Cre)2(loxP) (C2P, purple cir-
cles).  The composition of free monomers has been left off for clarity. 
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As for the pH 7.5 data, the composition of the (Cre)2(loxP) 

complex reaches a maximum where  

[Cre] = 2[loxP] = 343 nM.  Since the loxP presents two 

equivalent binding sites at pH 9.5, the composition of 

(Cre)(loxP) complex forms the dominant species for  

compositions where [loxP] ≥ [Cre]. 

Conclusions 
Multi-angle light scattering provides multiple, comple-

mentary measurements of protein-DNA complexes and 

their interactions.   

• Protein conjugate analysis by SEC-MALS-UV-dRI is es-

sential for characterizing two-component systems to 

assess conjugation ratio, oligomeric state and molar 

masses.   

• CG-MALS provides rapid, in-depth quantification of 

protein-DNA interactions, elucidating cooperativity as 

well as self-assembly into higher-order structures.  

Microscopic equilibrium constants are determined for 

each binding site. Kinetics is also evident. 

Utilizing the same MALS, UV and dRI detectors with  

distinct sample preparation and delivery front ends,  

SEC-MALS and CG-MALS constitute an effective and  

comprehensive biophysical characterization system.  

These simple, robust techniques are uniquely suited for 

studying protein-DNA interactions, and are applicable to 

many other biomolecular complexes and interactions [8-

19]. 
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