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Since the pioneering works of Berg and Purcell, discriminating between diffusion
followed by binding has played a central role in understanding cell signaling. B
cell receptors (BCR) and antibodies (Ab) challenge that simplified view as binding
to the antigen follows after a chain of diffusion and rotations, including whole
molecule rotation and independent tilts and twists of their Fab arms due to their Y-
shaped structure and flexibility. In this paper, we combine analytical calculations with
Brownian simulations to derive the first-passage times due to these three rotations
positioning the Fab paratopes at a proper distance and orientation required for antigen
binding. Our results indicate that when measuring Ab–Ag effective kinetic binding
rates, using experimental methods in which the analyte is in solution only gives values
proportional to the intrinsic binding rates, k+, and k−, for values of k+ up to
109 s−1. Beyond that, a plateau of the effective 3D on rate between 108 M−1s−1 and
109 M−1s−1 is attained. Additionally, for BCR–Ag interactions, the effective 2D on
and off binding rates can only be inferred from the corresponding effective 3D on and
off rates for values of effective 3D on rates lower than 106 M−1s−1. This is highly
relevant when trying to relate BCR–antigen-binding strength and B cell response,
especially during germinal center reactions. Therefore, there is a pressing need to
reexamine our current understanding of the BCR–antigen kinetic rates in germinal
centers using the latest experimental assays for BCR–Ag interactions.

B cell receptor | humoral response | immunoglobulins | first-passage times | kinetic rates

Our understanding of antibody–antigen (Ab–Ag) interactions is based on decades of
research on diffusion-limited reactions (1). When antigens bind to B cell receptors
(BCRs), it triggers the antigen-specific activation of B lymphocytes, which then
differentiate into antibody-secreting plasma cells. However, it is important to note that
despite both being immunoglobulins (Ig), BCRs and antibodies (Abs) have distinct
differences. BCRs are membrane-bound Igs with a tail that spans the B cell membrane
into the cytoplasm, while Abs are soluble Ig isoforms that lack membrane anchoring and
a transmembrane tail (2).

The basic structure of Igs consists of two identical Ag-binding arms or fragments (Fab)
linked to a single constant arm (Fc) through an amino acid sequence called the hinge
region (Fig. 1A), forming the familiar bivalent Y shape (2). Fab arms bind Ags through
a small area at each free Fab end called paratope (P), and the specific Ag interface area
involved in a Fab–Ag bond is called an epitope (E) (Fig. 1A). The length and flexibility
of the hinge region linking Fab arms to the Fc arm are specific to each Ig isotype (3),
allowing the two Fab arms to pivot independently of each other about the Fc region.

During the humoral immune response to protein antigens (Ags), B cells engage with
their cognate Ags present in immunocomplexes on the follicular dendritic cell (FDC)
membrane (4–6), which occurs in a 2-dimensional (2D) setting (7, 8). The understanding
that ligand–receptor interactions in cell–cell adhesion occur in 2D has been established
for some time (9), along with theoretical analyses of diffusion-driven receptor clustering in
2D (10–12). Over 20 y ago, it was proposed that BCR–Ag interactions in vivo primarily
occur in 2D and exhibit distinct kinetic rates compared to humoral Ab–Ag interactions
(13). Similar 2D interactions exist in systems involving cell adhesion molecules and
T cell receptor–peptide-major histocompatibility complex (TCR-pMHC) interactions
(14–16). However, the 2D kinetic and affinity constants for BCR–Ag interactions have
yet to be measured.

Building upon the research of DeLisi (17), we previously demonstrated that protein–
protein interactions can be thoroughly understood through three sequential processes:
translational diffusion, rotational diffusion, and molecular binding. This has been
reviewed in ref. 7. In 2D conditions for BCR–Ag interactions and 3D conditions for
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Fig. 1. Possible Ig rotations impacting on the position of a paratope P relative to an Ag epitope E. (A) The position of each paratope in an Ig (whether
membrane-immunoglobulin, mIg, or free antibody, Ab) is independently submitted to two possible Fab rotations, Fab tilt (wagging and wobbling; depicted on
the Right side) and Fab twist in which each Fab arm rotates along its major axis (from the hinge region to P; depicted on the Left side). The speed of these two
Fab rotations might differ in BCRs and free Abs. (B) The position of each paratope is also affected by the rotation of the whole Ig. The Left side depicts BCR
whole rotation, mostly restricted to a rotation along the Fc axis. For clarity, in panels A–C, we have omitted the CD79 heterodimer, which is tightly associated
with the BCRs’ Fc membrane-proximal and transmembrane domains. The Right side depicts free Ab whole rotation, which is unrestricted in the three spatial
dimensions. (C) Sketch of the diffusion of P due to Fab tilt, assuming the epitope is in a fixed position; this movement is constrained to a spherical cap on a
sphere of radius R = length of a Fab arm ≈ 84 Å (21) and to Fab altitude and azimuth angles, respectively, � (measured from the south pole of the sphere) and
� (the azimuthal angle of the Fab measured from the location of the epitope). Depicted is a possible path followed by paratope P toward epitope E (dotted
line). The angle � corresponds to an arc on the spherical surface equal to the major length of E. For clarity, the outlined mIg is depicted with only one Fab arm.
(D) Alignment or misalignment of P and E due to Fab twist. P rotates with variable angle � relative to E (Left side). Such rotation will align or misalign P and E,
allowing or impeding their chemical binding. For aligned P and E, there is a tolerance angle, �0, within which the chemical reaction can proceed (Right side). The
view in panel D is along the major Fab axis. (E) Random Walk view of Igs’ paratope diffusion. During the on-rate process, the center of mass of the paratope
diffuses on the sphere (cyan broken line) until finding the epitope (red area); �, the angle of the arc with a length equal to the major length of the epitope.
During the off-rate process, the paratope’s center of mass diffuses within the epitope area (pale red) until it escapes (gray area).

Ab–Ag interactions, the scaling properties of the translational on
and off kinetic rates are similar, as reviewed in ref. 8. However,
the global rotational on and off kinetic rates in both 2D and
3D conditions remain unknown. This raises questions about the
limitations of effective 2D kinetic rates perceived by B cells and
whether and under what circumstances the 2D BCR–Ag effective
kinetic rates can be inferred from the 3D Ab–Ag effective kinetic
rates.

Here, we perform a detailed analysis of BCR and Ab paratopes’
rotational rates in 2D and 3D conditions, respectively, using the
theory of stochastic narrow escape (18), and first passage processes
(19). We combine existing experimental data with analytical
calculations and Brownian simulations to provide a complete
quantitative picture of the first-passage times associated with the
BCR and Ab rotational degrees of freedom. Our results allowed
us to estimate the effective on and off rotational rates, and hence,
the effective 2D (BCR–Ag) and 3D (Ab–Ag) effective k+ and
k− rate constants as a function of the intrinsic or molecular k+
binding rate. Moreover, we could derive a formula relating the 2D
effective kinetic rates to the corresponding 3D effective kinetic
rates. Contrary to the traditional implicit assumption, this result
indicates that the kinetics of BCR–Ag interactions can be inferred
from those of 3D Ab–Ag interactions only for effective 3D on
rates below a threshold close to 106 M−1s−1. Consequently, the
kinetics of BCR–Ag interactions cannot be inferred, in general,
from those of 3D Ab–Ag interactions.

A First-Passage-Time Formalism of the
Rotational Diffusion Steps during BCR and
Antibody Binding to Antigen

The Three-Step Description of Kinetic Binding. In general, the
kinetics of reversible protein–protein interactions consist of three
generic processes (mostly occurring sequentially): translation,
rotation, and binding. Translational diffusion comprises the
spatial approximation of R and L molecules to a distance that
allows binding; we denote this close-enough by RL∗. In the
second step, rotational diffusion, the two close molecules must
attain a proper orientation to bind to each other; we denote this
close and oriented state as RL (in the case of Igs, a paratope
has to be properly oriented for binding its epitope). Once
properly oriented, they can form a bound complex C (20). Eq. 1
summarizes these series of states and processes,

R + L
k+d
k−d

RL∗
e+

e−
RL

k+

k−
C [1]

where k+d , k−d are, respectively, translational diffusion on and off
rate constants, e+ and e− are diffusion on and off rate constants
for effective or global rotation, and k+ and k− are the intrinsic
or molecular on and off rate constants. It is worth noting that
De Lisi (17) already emphasized the relevance of this three-step
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analysis generalizing the diffusion only plus binding framework
pioneered by Berg and Purcell (1).

Traditionally, binding has been analyzed experimentally,
lumping together those three steps assuming they occur in a single
step. The effective kinetic rates for this simplified view can be
formally derived by assuming a quasi-steady state approximation
for the intermediate states [RL∗] and [RL], which leads to the
following expressions for k+eff and k−eff (7):

k+eff =
k+d e+ k+

k−d e− + k+(k−d + e+)

∣∣∣∣∣
3D/2D

[2]

k−eff =
k−d e− k−

k−d e− + k+(k−d + e+)
|3D/2D. [3]

The subscripts 3D/2D denote that the translational and global
rotational diffusion rate constants correspond to either 3D or
2D reactions. Note that k+ and k− are independent of the
dimensional condition and, thus, are identical in 3D and 2D
interactions. We have shown before that the divisor in these
equations determines an observability threshold for k+,

k+threshold =
k−d e−

k−d + e+
, [4]

such that for k+ > k+threshold, k+eff approaches asymptotically a

plateau given by k+plateau = k+d e+

k−d +e+
, and k−eff becomes proportional

to the dissociation affinity constant (8).
This three-step process can be further analyzed to capture

the subtle—yet crucial—role of the Y structure of BCRs and
Abs. Due to thermal fluctuations, proteins diffuse randomly,
driven by molecular collisions or vibrations, until that motion
stops by reaching a binding site. In particular, the wagging and
wobbling movements of Ig Fab arms relative to the Fc arm, made
possible by the hinge region of the Ig heavy chains, determine
the position of the corresponding paratopes relative to the Fc
arm and are referred to here as tilt rotation of paratopes or
Fab tilt (Fig. 1 A and C ) (3, 22, 23). The on and off rate
constants characterizing this rotation are denoted here e+t and
e−t , respectively. In addition, a Fab arm can twist about its
major axis thanks again to the relative flexibility of the hinge
segment (24, 25). This Fab twisting contributes essentially to the
orientation or alignment of a paratope relative to an epitope on a
relatively immobile Ag molecule tethered to an FDC membrane.
We refer to this rotation as alignment rotation (Fig. 1 A and D),
and the on and off rate constants characterizing this rotation are
denoted, respectively, e+a and e−a . Last, the possible rotation of the
whole BCR about the Fc axis, like a spinning top, or the rotation
of an Ab in solution as a whole (Fig. 1B) contributes to the
global paratope rotation with on and off rate constants denoted
e+w and e−w , respectively. Due to such a complex combination of
different rotational diffusion modes affecting the relative position
of paratopes of BCRs and free Abs, the above-mentioned global
rate constants e+ and e− are, in fact, compound quantities of the
more elemental rates characterizing the whole molecule, Fab tilt,
and Fab alignment rotations.

The global on rotation takes place in two steps. First, once in
the encounter state RL∗, a Fab paratope P can get close enough
to an epitope E through whole Ig and Fab tilt rotation, a state
denoted [RL], and then P and E become correctly oriented by a

twist or alignment rotation (RL state). The first step, the close
approaching of P and E , combines the whole molecule and Fab
tilt rotation processes taking place in parallel or in any temporal
order. Hence, its rate is the sum of the two individual processes,
e+w+t = e+w + e+t , and thus the corresponding mean time is given
by tw+t = 1

e+w+t
. However, the on alignment rotation follows

sequentially after the approaching of P and E ; hence, the mean
rotation time of the two steps (approaching and alignment) is
the sum of their respective mean times, that is, ton = tw+t + ta
and, consequently, 1

e+ = 1
e+w+t

+ 1
e+a

. At variance with e+, the

RL state can revert to RL∗ state either directly, by a combination
of whole molecule and Fab tilt rotation processes (route 1), or
through the intermediate [RL] state (route 2). If the rate e−a is
faster than e−w+t , then route 2 will dominate and the time it
takes to go from RL state to RL∗ state is essentially determined
by the slower e−w+t ; however, the same is true if e−a is slower
than e−w+t , because then route 1 will dominate. In other words,
the global off rotation rate, e− (i.e., from the RL state to the
RL∗ state), is determined by the whole and tilt off rotations
(which can take place in parallel or in any temporal order).
This can be described in terms of the following reaction scheme:

... RL∗
e+w+t

[RL]
e+a

RL ...
[5]e−w+t e−a

e−w+t
And according to the above:

e+ =
e+w+t × e+a
e+w+t + e+a

and e− = e−w+t . [6]

In our calculations, we assume that the contribution of Ag
to rotational rates is negligible compared to that of BCR or Ab
(explained in SI Appendix, section F).
2D compound tilt+whole molecule rotational rates of BCRs. In
BCRs, the anchoring to the cell membrane has two main
effects related to the degrees of freedom of paratope movements.
First, its whole rotation motion is restricted to essentially
the axis normal to the cell membrane in a highly crowded
molecular environment. Although the exact value of the whole
BCR rotational diffusion coefficient, Dw(2D), has not been
experimentally determined, one can take as a reference value
that of the epidermal growth factor receptor (26), which is of
the order 103 rad2/s. However, considering that EGFR in its
native state is in a monomeric form with a single transmembrane
domain and that BCRs have two transmembrane domains
that are tightly associated with the transmembrane domains
of the CD79 heterodimer, it can be safely assumed that the
whole molecule rotation of BCRs is fairly slower than that of
EGFR. Nevertheless, since Dw(2D) of the EGFR is already
three orders of magnitude smaller than the 2D tilt rotational
diffusion coefficient Dt(2D) (SI Appendix, Table S3) one has
for BCRs Dw+t(2D) ≈ Dt(2D). Second, the Fab tilt flexibility
determines the spherical surface domain Ω covered by paratopes
(SI Appendix, Fig. S5). The different Ig isotypes and subclasses in
humans and mice have different hinge regions, and consequently,
they differ substantially in flexibility and tilt rotation. The
flexibility in the polar angle �, i.e., the flexibility of the Fab arms
with respect to the Fc region (Fig. 1C ), has been characterized
(SI Appendix, section A and Table S1).

PNAS 2023 Vol. 120 No. 35 e2220669120 https://doi.org/10.1073/pnas.2220669120 3 of 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
35

.1
29

.2
36

.6
3 

on
 A

ug
us

t 2
5,

 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
13

5.
12

9.
23

6.
63

.

https://www.pnas.org/lookup/doi/10.1073/pnas.2220669120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2220669120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2220669120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2220669120#supplementary-materials


Contrary, the flexibility in the azimuthal angle � (Fig. 1C )
is poorly characterized. Nevertheless, based on the study of
Zhang et al. (27) that analyzed the conformational flexibility
of IgG1 antibody molecules using individual particle electron
tomography, one can argue that each paratope can cover a 180◦
range in the azimuthal angle. Thus, the total domain covered by
both paratopes is Ω = {(�, �)| � ∈ [�min, �max], � ∈ [0, 2�]}.
Furthermore, since Dt(2D) � Dw(2D), we can neglect the
marginal effect of the whole rotation motion, i.e., e2D±

t+w ≈ e2D±
t .

In this approximation, each paratope covers one half of Ω,
namely Ω1 = {(�, �)| � ∈ [�min, �max], � ∈ [0,�]} and
Ω2 = {(�, �)| � ∈ [�min, �max], � ∈ [�, 2�]}. For simplicity, we
will suppose that the epitope is completely contained in eitherΩ1
or Ω2, and thus, we only need to consider one of both paratopes
(SI Appendix, Fig. S5).

The mean on and off rotational times corresponding to the
different rotational rate constants can be estimated using the
theory of stochastic narrow escape (18) and first-passage processes
(19) and are here denoted rotational mean first passage times
(MFPT) (described in SI Appendix, sections B and C). Under the
above definition of the domain Ω, the MFPTs depend on the
initial position of the paratope (�, �), and the epitope location
�epi and size (�; see Fig. 1 C and E).

Through Monte-Carlo simulations, we computed the global
MFPT �2D+

t (�epi, �) for the paratopes of the different IgGs
subclasses, and for multiple values of � = {19◦, 14◦, 10◦, 6◦, 2◦}
and different positions of the epitope measured by the arc length
�epi (SI Appendix, Fig. S5). The results, summarized in Fig. 2,

revealed conspicuous differences in the global MFPTs of the
IgGs subclasses, being more notorious between the IgG2b and
IgG1 subclasses. Note that we have presented our findings for a
reference diffusivity D = 1 to highlight the comparison while
disregarding specific diffusivity estimates. Actual times can be
obtained by multiplying by the proper empirical diffusivity.
Interestingly, the difference between IgGs subclasses increases
as the size of the paratope � decreases. In agreement with
previous works (28), these results suggest that the same paratope
in different Ab classes might result in different rotation rate
constants and, therefore, in different effective rate constants,
besides any differences imposed by Ig class-specific glycosylation
(21, 29). The resulting tilt on rate is given by:

e2D+
t =

1
�2D+
t

, [7]

with �2D+
t given by SI Appendix, Eq. S19.

The off-rate process for BCRs is similar to that of soluble Abs,
except that the whole rotational motion marginally contributes
to the diffusion of the paratope. Therefore, the rotation off-rate
e2D−
t+w (�) ≈ e2D−

t (�) is given by SI Appendix, Eq. S16 but with

D(2D)
t instead of D(2D)

t+w :

e2D−
t (�) ≈

8D(2D)
t

sin2 �/2
. [8]

A

C D

B

Fig. 2. Isotype Fab tilt flexibility affects the effective orientational rates. MFPT �2D+
t (�epi , �) computed through Monte-Carlo simulations for the different

mouse IgG subclasses and multiple values of �epi and �. (A) � = 2◦; (B) � = 6◦; (C) � = 14◦; (D) � = 19◦. Parameters : dt = 2 · 10−4, D = 1, # initial positions =
3000, # repetitions per initial position = 100.
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Estimates for the Rate Constants k±d and e±

in 2D and 3D and the Corresponding k+

Threshold Values

Eqs. 2 and 3 allow connecting the underlying or intrinsic
kinetic rates with the effective 2D and 3D ones. Thus, here,
we integrate all the computations in the preceding sections.
Calculations for k+d and k−d can be found in ref. 8 and
were performed using equations derived in Lauffenburger and
Linderman (30) and experimentally derived diffusion coefficients
for BCRs (31) and Abs (32). For the sake of comparison with the
3D case, units of k+d (2D) were transformed into M−1s−1 units
following Lauffenburger and Linderman (30) as explained in SI
Appendix, section H. However, to estimate the rate constants
e±, it is necessary to know, in addition to the angles �0 and
�, the rotational diffusion constants Da, Dt , and Dw in 2D
and 3D conditions. We calculated these constants based on
experimental estimations of the corresponding mean rotational
correlation times, denoted t1rad, and SI Appendix, Eq. S23 (SI
Appendix, section F). The values for t1rad corresponding to
the three rotations considered here (whole molecule, tilt, and
alignment) and/or the respective rotational diffusion constants,
Dw, Dt , and Da, estimated for Igs both in solution (3D) and
attached to a large particle (2D) are summarized in SI Appendix,
Table S3.

We can now go beyond qualitative arguments and calculate
the global rotational kinetic rates, e+ and e−. For that, we first
apply the estimations for the rotational diffusion constants in SI
Appendix, Table S3 and for the angles �0 and � (SI Appendix,
section B) to SI Appendix, Eqs. S6, S12, S16, and S19, and
then the resulting values are substituted in Eq. 6. Ranges for
the translational and global rotational kinetic rates in 2D and
3D conditions thus estimated, together with the corresponding
threshold values for k+ given by Eq. 4, are summarized in SI
Appendix, Table S3.

These results show that while k+d and k−d have very different
values from 2D to 3D conditions but similar scaling factors
(∼103-fold), e+ and e− have similar values in 2D and 3D
conditions, with e− being twofold lower in 2D than in 3D.
However, the most relevant here is that the k+ threshold values
differ by ∼103-fold from 2D to 3D conditions. Hence, k+plateau

for k+eff(2D) rates (BCR–Ag interactions) is much lower than
for k+eff(3D) rates (free Ab–Ag interactions). More specifically,
the 2D k+threshold is ≤ 106 s−1, and for intrinsic binding rates
k+ larger than this threshold, k+eff(2D) rate approaches a plateau
of (1-2)×106 M−1 s−1. Hence, intrinsic k+ rates higher than
that threshold cannot have a differential impact on the effective
binding rate of Ag to B cells. In contrast, the 3D k+threshold is
≈ 5 × 108 s−1, and for values of the intrinsic binding rate
k+ larger than this threshold the k+eff(3D) rate plateaus between
5× 108 and 5× 109 M−1 s−1 (Fig. 3, Left).

Upper Limits to the Effective Kinetic Rates of
Ab– and BCR–Ag Interactions

The above estimations significantly impact our understanding of
the effective kinetics of BCR–Ag and Ab–Ag interactions and
their mutual relationship.

Already in the 1990s, some authors reported empirical
observations indicating a ceiling for the k+eff of monoclonal Abs
and their ligands [see for instance (33, 34)]. Calculations of the
range for the k+eff(3D) plateau of Ab–Ag interactions help to
explain it. This is illustrated in Fig. 3, Left side, where the mean
variation of k+eff(3D) ±3 sd (solid lines) for increasing values of
the intrinsic k+ rate and the range of the corresponding plateaus
(dashed red and blue lines) are plotted. In this figure, we also
plot side by side with experimentally observed k+eff(3D) values for

Fig. 3. Translational and rotational diffusion events put a limit to effective 3D on-rates. Left panel, theoretical estimation of k+eff(3D) for Ab–Ag interactions as a
function of the intrinsic binding rate, k+, based on Eq. 2. Dashed blue and red lines correspond to Upper and Lower plateau boundaries. They are the mean ±3
sd of the distribution of plateau values obtained with 104 random sets of parameter values within the confidence limits of the 3D translational and rotational
rates in Table 1. Blue and red curves were obtained with the parameters set used to estimate the Lower and Upper plateaus. The pink dashed line corresponds
to the k+eff(3D) threshold for k+eff(2D) and k−eff(2D) depicted in Fig. 4, Right panel, Experimental 3D kon values obtained with the SPR assay for different anti-2-PhOx
monoclonal Abs (redrawn from ref. 33). Note the close agreement between the highest experimental values and our predicted k+eff(3D) lower plateau. Notice
that all experimental values, from an early primary immune response to a tertiary immune response, lay within the k+eff(3D) Lower plateau and the k+eff(3D)
threshold.
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Table 1. Estimated ranges of translational and rotational diffusion rate constants for Igs in 2D and 3D conditions
and the corresponding threshold values for k+

Translational diffusion Rotational diffusion* Threshold*

k+
d k−d e+ e−

Isotype (M−1 s−1) (s−1) (s−1) (s−1) k−d e−

(k−d +e+)

2D (×105) (×102) (×105) (×108) (×105)
IgG1
IgG2a
IgG2b
IgG3

 8.8 to 29 8.3 to 27

11.6 to 14.7
10.6 to 13.4
9.0 to 11.2
9.7 to 12.2

3.2 to 4.9

1.8 to 11.5
2.0 to 12.5
2.4 to 14.8
2.2 to 13.7

3D (×108) (×105) (×105) (×108) (×108)
IgG 3.8 to 34 5.3 to 72 9.4 to 13.6 6.7 to 12.7 1.9 to 11

*The procedure to obtain these ranges is described in SI Appendix, section G.

samples of monoclonal Abs obtained in primary, secondary, and
tertiary murine immune responses against the hapten 2-phenyl-
5-oxazolone (PhOx; Fig. 3, Right side, based on ref. 33).

Given that 2D k+threshold and 2D k+plateau are at least 2 orders
of magnitude lower than the corresponding 3D values, the 3D

A

B

Fig. 4. 3D Effective on-rate observability thresholds for estimating 2D
effective on and off rates using SI Appendix, Eqs. S21 and S22. Blue solid
lines, variation of the ratios k+eff(2D)/k+eff(3D) (A) and k−eff(2D)/k−eff(3D) (B) as a
function of k+eff(3D). Each of these curves is an average from a distribution
of curves obtained with the same 104 random sets of parameter values
used in Fig. 3. Gray areas correspond to curves within the mean ±2 sd. A
k+eff(3D) threshold for each curve was defined as the k+eff(3D) value for which
a 60% reduction is obtained. This threshold is 106 M−1s−1 for both ratios,
and it is indicated with a pink dashed line. For comparison, a red dashed line
corresponding to the k+eff(3D) Lower plateau in Fig. 3 is also depicted.

Ab–Ag effective affinity and rate constants cannot be used in
general as surrogates for 2D BCR–Ag effective affinity and rate
constants. However, this does not mean they cannot be used
in all cases. For instance, for values of intrinsic k+ < 106 s−1

k+eff(3D) and k−eff(3D) rates are close to the expected k+eff(2D) and
k−eff(2D) rates, respectively. This can be shown to be the case by
expressing k+eff(2D) and k−eff(2D) as a function of k+eff(3D) (SI
Appendix, section E).

Plotting the ratios k+eff(2D)/k+eff(3D) and k−eff(2D)/k−eff(3D) as a
function of k+eff(3D) (Fig. 4) shows that k+eff(3D) is a moderately
reasonable proxy of k+eff(2D) only for values of k+eff(3D) ≤
4.4 × 105 M−1 s−1. At that value, k+eff(2D) is in the range of
59% to 80% of k+eff(3D). However, k−eff(3D) is a reasonable
proxy of k−eff(2D) for values of k+eff(3D) ≤ 8 × 105 M−1 s−1

(at which value k−eff(2D) is in the range of 57% to 80% of
k−eff(3D)). These are very important results as they establish the
approximate limits up to which the 3D kinetic rates of Ab–
Ag binding provide values close to the expected BCR–Ag 2D
kinetic rates.

Discussion and Conclusions

During B cell–FDC interactions, BCRs bind cognate Ag tethered
on FDCs’ membrane (4–6, 35) and hence in 2D conditions. In
contrast, in in vitro assays, Ab–Ag interactions occur with at least
one component in solution (e.g., SPR assays) and thus in 3D
conditions. In the case of T lymphocytes, the consequences of
these two biophysical conditions on receptor–ligand interactions
have been analyzed to some extent. Experiments (15, 16) and
mathematical models (7) show that the effective kinetic rates
of TCR–ligand interactions obtained in 3D conditions cannot
predict the effective kinetic rates obtained in 2D conditions.
Moreover, it was also shown that it is the 2D kinetics, not the
3D kinetics, that correlate with Ag potency to activate T cells
(36, 37). The theoretical analysis of TCR–ligand interactions
was general enough to apply to the cases of BCR–Ag and
Ab–Ag interactions (8), but until now, it was not possible to
derive quantitative implications for the relationship between
2D BCR–Ag and 3D Ab–Ag interactions. This was due to a
lack of quantitative biophysical data on the different modes of
rotational diffusion of paratopes in BCRs and Abs. Here, we have
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extended our previous work by performing a detailed theoretical
analysis of available data on the whole molecule, Fab tilt and
Fab twist rotations, which allowed us to obtain quantitative
estimates of the global on and off rotational rates of BCR and Ab
paratopes.

To determine the parametric dependence of the different on
and off paratope rotational rates on the structural properties of
both BCRs and Abs, we have used the Narrow Escape Theory
(18) and First Passage Processes (19). We have characterized
every step entailing the rotational degrees of freedom so that we
could use the most precise available empirical estimates of Fab–
Fab and Fab–Fc angles and of mean rotational correlation times
corresponding to the three rotations considered here. Based on
our calculations, there are noticeable variations in the 2D Fab tilt
on rates (inverse of �2D+

t ) among the various IgG subclasses, as
seen in Fig. 2. It is worth noting that the flexibility of Fab arms
in relation to Fc is inversely correlated with the Fab tilt on rate
in IgG subclasses. IgG1 and IgG2b have the fastest and slowest
tilt on rates, respectively. This implies that differences in hinge
structure may provide certain binding advantages to certain IgG
subclasses over others. However, the observed differences in Fab
tilt on rates are relatively small (in the most favorable scenario,
around 55% for � = 2◦ and 66% for � = 19◦); so if this rotation
rate contributes to a binding advantage of one isotype over others,
it must be a subtle one. Our estimates are based on limited and
scattered empirical data on angle ranges and mean rotational
correlation times for different Ig isotypes from a few mammal
species and were obtained using molecular preparations that
inadequately represent BCRs in the 2D condition. As a result, it
would be greatly beneficial to conduct new targeted experimental
studies on the mean rotational correlation times of BCR and Ab
Fab tilt and alignment rotations for various Ig isotypes using
current methodologies. These studies will significantly enhance
our current estimates and provide greater clarity regarding the
role of hinge flexibility in the kinetics of BCR–Ag and Ab–Ag
interactions.

Having derived quantitative values for the translational and
rotational rates of paratopes enabled us to calculate the thresholds
of the intrinsic k+ rate in 2D and 3D conditions, beyond which
k+eff(2D) and k+eff(3D) approach fast a plateau, as well as the
actual values of these plateaus. In particular, the plateau for
k+eff(3D) is fast approached for values of the intrinsic molecular
on rate k+ > 109 s−1 (Fig. 3, Left). Although currently there
are no experimental data of BCR–Ag interactions with which to
compare the theoretical plateau for k+eff(2D), we could put to test
the theoretical plateau we obtained for k+eff(3D) by comparing
it with a rather comprehensive sample of monoclonal Abs anti-
PhOx provided in ref. 33. The Lower and Upper uncertainty
limits of the theoretical k+eff(3D) plateau are, respectively, ∼108

and ∼109 M−1s−1 (respectively, dashed red and blue lines in
Fig. 3). Strikingly, the Lower plateau limit of the theoretical
k+eff(3D) uncertainty band (gray area in Fig. 3) is in quite
good agreement with the highest k+eff(3D) empirical values of
the monoclonal Abs obtained from primary to tertiary immune
responses to PhOx (Fig. 3, Right), which lends strong support
to our approach. Nevertheless, a wider sample of different sets
of monoclonal Abs against different Ags will determine the
generality or limitations of our approach. Yet, perhaps more
surprising, and with deeper practical implications discussed
below, is that the expected effective on and off rate ratios
k+eff(2D)/k+eff(3D) and k−eff(2D)/k−eff(3D) can be estimated as a

function of k+eff(3D) (Fig. 4). This is highly relevant because the
2D effective rate constants are the actual ones that determine B
cell behavior. Thus, we have uncovered that for values k+eff(3D) >

106 M−1s−1, both k+eff(3D) and k−eff3D become bad estimators
of the corresponding 2D effective constant rates (Fig. 4, vertical
pink, dashed lines).

Although our modeling approach does not yield a lower limit
for k−eff(2D) (and k−eff(3D)) different from zero, it indicates that

for k+ > 5 × 106 s−1, k−eff(2D) ≈
( k−d e−

k−d +e+
)

2D
k−
k+ ≤

k−
10 s−1.

Based on the internalization kinetics of BCR–Ag complexes, it
has been argued that since the half-life of the endocytic process
is about 0.5 h (or ≈ 2000 s), only effective off rates higher
than the inverse of that half-life can be subject to selection
during affinity maturation in GCs (38). If we now consider
this physiologic limit, then for k+ > 5× 106 s−1, the following
relationship holds: 1

2000 s−1 < k−eff(2D) < k−
10 s−1. Therefore,

this physiologic limit implies that for k+ > 5 × 106 s−1, only
intrinsic off kinetic rates k− > 5 × 10−3 s−1 would be subject
to selection.

It is somewhat surprising that despite the widespread use of the
seminal works by Berg and Purcell (1) and De Lisi (17), there has
been put so little emphasis on the understanding of the biophysics
of the molecular interactions of the two central actors in the
humoral immune response, BCRs, and Abs, with their cognate
Ags. Our present calculations aim to stimulate experimental
studies to establish the validity of the uncovered differences
between effective BCR–Ag and Ab–Ag binding kinetics and
to encourage the development of state-of-the-art molecular
dynamics simulations and experimental methods to narrow
the estimated rates for some of the aforementioned rotational
events.

In summary, we have shown here that, contrary to the tradi-
tional implicit assumption, the kinetics of BCR–Ag interactions
cannot be inferred from those of Ab–Ag interactions but for those
with k+eff(3D) ≤ 106 M−1s−1. This has important implications
in interpreting observations related to B cell selection in germinal
centers, an essential process in T-dependent humoral responses
based on the amount of Ag endocytosed by B cells and presented
to Tfh cells. For instance, above the thresholds established by our
calculations for the k+eff(3D) rate (Fig. 4, vertical pink, dashed
lines), they become little informative—if at all—with respect to
the Ag-binding strength sensed by a germinal center B cell, and
hence on the amount of Ag it can endocytose. In other words,
for Abs with k+eff(3D) > 106 M−1s−1, it cannot be inferred that
the germinal center B cells that produced those Abs were selected
because they had a higher k+eff(2D) rate (or a lower k−eff(2D)
rate) than B cells producing Abs with 10-fold lower k+eff(3D)
rates (or 10-fold higher k−eff(2D) rates). We must be aware that,
paraphrasing Malissen and Bongrand (39), a B cell can make
decisions based only on parameters it senses, not on quantities
measured in vitro by experimentalists. In this respect, the present
results only concern one of two aspects usually neglected in
current views of the Ab affinity maturation process and the
selective process(es) that lead to it. The other neglected aspect
is the role of naturally generated tensile forces acting on Ag-
bound BCRs, which can alter to a significant extent the intrinsic
unbinding rate k−, similar to what has been shown for TCRs
(40). This second aspect of the BCR–Ag interactions should also
be experimentally and theoretically studied.
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