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Introduction
Immune cells have developed a sophisticated mechanism to 
regulate their activations for the purpose of balancing im-
munoprotection and immunopathology. The receptors for 
the Fc portion of IgG molecules (FcγRs) well define one 

of such regulatory strategies. The human immune system 
contains six types of canonical FcγRs, including FcγRI, Fcγ-
RIIA, FcγRIIB, FcγRIIC, FcγRII​IA, and FcγRII​IB, among 
which FcγRIIB is the only one having an inhibitory func-
tion (Smith and Clatworthy, 2010; Nimmerjahn and Ravetch, 
2011; Pincetic et al., 2014). Malfunction of FcγRIIB is usually 
detrimental for the immune system (Niederer et al., 2010; 
Smith and Clatworthy, 2010; Pincetic et al., 2014). Single- 
nucleotide polymorphisms (SNPs) of the human FCGR2B 
gene significantly influence susceptibility to autoimmune dis-
eases (Kyogoku et al., 2002; Niederer et al., 2010; Smith and 
Clatworthy, 2010). Among all seven nonsynonymous SNPs 
of FCGR2B, the T-to-C transition in exon 5 (SNP acces-

FcγRIIB functions to suppress the activation of immune cells. A single-nucleotide polymorphism in the transmembrane (TM) 
domain of FcγRIIB, FcγRIIB-T232, is associated with lupus. In this study, we investigated the pathogenic mechanism of Fcγ-
RIIB-T232 at both functional and structural levels. Our results showed that FcγRIIB-T232 exhibited significantly reduced 
lateral mobility compared with FcγRIIB-I232 and was significantly less enriched into the microclusters of immune complexes 
(ICs) after stimulation. However, if sufficient responding time is given for FcγRIIB-T232 to diffuse and interact with the ICs, 
FcγRIIB-T232 can restore its inhibitory function. Moreover, substituting the FcγRIIB-T232 TM domain with that of a fast 
floating CD86 molecule restored both the rapid mobility and the inhibitory function, which further corroborated the impor-
tance of fast mobility for FcγRIIB to function. Mechanistically, the crippled lateral mobility of FcγRIIB-T232 can be explained 
by the structural changes of the TM domain. Both atomistic simulations and nuclear magnetic resonance measurement indi-
cated that the TM helix of FcγRIIB-T232 exhibited a more inclined orientation than that of FcγRIIB-I232, thus resulting in a 
longer region embedded in the membrane. Therefore, we conclude that the single-residue polymorphism T232 enforces the 
inclination of the TM domain and thereby reduces the lateral mobility and inhibitory functions of FcγRIIB.

Impairment on the lateral mobility induced by structural 
changes underlies the functional deficiency of the lupus-
associated polymorphism FcγRIIB-T232

Liling Xu,1* Mengdie Xia,2* Jun Guo,3* Xiaolin Sun,4* Hua Li,3 Chenguang Xu,1 Xiaomei Gu,1 
Haowen Zhang,1 Junyang Yi,1 Yan Fang,1 Hengyi Xie,1 Jing Wang,1 Zhixun Shen,1 Boxin Xue,5 
Yujie Sun,5 Tobias Meckel,6 Ying‑Hua Chen,1 Zhibin Hu,7 Zhanguo Li,4 Chenqi Xu,3,8 Haipeng Gong,2 
and Wanli Liu1

1Ministry of Education Key Laboratory of Protein Sciences, Collaborative Innovation Center for Diagnosis and Treatment of Infectious Diseases, Institute for 
Immunology and 2Ministry of Education Key Laboratory of Bioinformatics, School of Life Sciences, Tsinghua University, Beijing 100084, China

3National Center for Protein Science Shanghai, State Key Laboratory of Molecular Biology, Institute of Biochemistry and Cell Biology, Shanghai Institutes for 
Biological Sciences, Chinese Academy of Sciences, Shanghai 200031, China

4Department of Rheumatology and Immunology, Clinical Immunology Center, Peking University People's Hospital, Beijing 100044, China
5State Key Laboratory of Biomembrane and Membrane Biotechnology, Biodynamic Optical Imaging Center, School of Life Sciences, Peking University, Beijing 
100871, China

6Membrane Dynamics, Department of Biology, Technische Universität Darmstadt, 64287 Darmstadt, Germany
7Department of Epidemiology, School of Public Health, Nanjing Medical University, Nanjing 211166, China
8School of Life Science and Technology, ShanghaiTech University, Shanghai 200031, China

© 2016 Xu et al. This article is distributed under the terms of an Attribution–Noncommercial–Share Alike–
No Mirror Sites license for the first six months after the publication date (see http​://www​.rupress​.org​/
terms). After six months it is available under a Creative Commons License (Attribution–Noncommercial–
Share Alike 3.0 Unported license, as described at http​://creativecommons​.org​/licenses​/by​-nc​-sa​/3​.0​/).

*L. Xu, M. Xia, J. Guo, and X. Sun contributed equally to this paper.

Correspondence to Wanli Liu: liulab@tsinghua.edu.cn; Zhanguo Li: li99@bjmu.edu.
cn; Chenqi Xu: cqxu@sibcb.ac.cn; or Haipeng Gong: hgong@tsinghua.edu.cn 

Abbreviations used: 2D, two-dimensional; ABF, adaptive biasing force; BCR, B cell 
receptor; CPD, cumulative probability distribution; EDDA, ethylenediamine-N, N’-
diacetic acid; FRAP, fluorescence recovery after photobleaching; HSQC, heteronuclear 
single quantum coherence; IC, immune complex; MD, molecular dynamics; MSD, 
mean square displacement; NMR, nuclear magnetic resonance; NP, 4-hydroxy-3-ni-
trophenylacetyl; PALM, photoactivated localization microscopy; PICS, particle image 
correlation spectroscopy; PLB, planar lipid bilayer; PMF, potential of mean force; 
POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; PRE, paramagnetic re-
laxation enhancement; SLE, systemic lupus erythematosus; SNP, single-nucleotide 
polymorphism; SPT, single-particle tracking; TIRF, total internal reflection fluores-
cence; TM, transmembrane.

T
h
e 

Jo
u
rn

al
 o

f 
E
xp

er
im

en
ta

l 
M

ed
ic

in
e

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/213/12/2707/1763515/jem
_20160528.pdf by guest on 09 February 2026

http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20160528&domain=pdf
http://www.rupress.org/terms
http://www.rupress.org/terms
http://creativecommons.org/licenses/by-nc-sa/3.0/
mailto:
mailto:
mailto:
mailto:cqxu@sibcb.ac.cn
mailto:hgong@tsinghua.edu.cn


A new mechanism of loss-of-function polymorphism T232 in FcγRIIB | Xu et al.2708

sion no. rs1050501) causes the I232T substitution within the 
transmembrane (TM) domain of FcγRIIB (FcγRIIB-T232). 
Strikingly, this polymorphism occurs at a notable frequency 
with the heterozygous FcγRIIB-T232 polymorphism pres-
ent in 18–43% of all humans (Niederer et al., 2010; Smith 
and Clatworthy, 2010). Epidemiological studies revealed 
the positive association of the homozygous FcγRIIB-T232 
polymorphism with systemic lupus erythematosus (SLE) in 
world-wide populations (Kyogoku et al., 2002; Siriboonrit 
et al., 2003; Chu et al., 2004; Clatworthy et al., 2007; Nie-
derer et al., 2010; Willcocks et al., 2010). Interestingly, it is 
also known that homozygosity for this polymorphism is as-
sociated with protection against severe malaria, which may 
contribute to the higher frequency of FcγRIIB-T232 and, 
hence, SLE in Africans and Southeast Asians (Clatworthy et 
al., 2007; Willcocks et al., 2010).

Early studies demonstrated that FcγRIIB-T232 poly-
morphism causes functional loss. Monocytes carrying 
FcγRIIB-T232 are hyperactivated with enhanced FcγRI- 
triggered phospholipase D activation and calcium signaling 
(Floto et al., 2005). B cells carrying FcγRIIB-T232 also be-
come hyperactive, showing abnormally elevated PLCγ2 acti-
vation, calcium signaling, and proliferation (Kono et al., 2005). 
Our early study showed that B cells expressing FcγRIIB-T232 
lose the ability to inhibit the oligomerization of B cell recep-
tors (BCRs) upon coligation between BCR and FcγRIIB 
(Liu et al., 2010c). Our recent live cell–imaging experiments 
demonstrated that B cells expressing FcγRIIB-T232 fail to 
inhibit the spatial-temporal colocalization of BCR and CD19 
within the B cell immunological synapse (Xu et al., 2014). 
To our knowledge, FcγRIIB-T232 is the first example that a 
naturally occurring SNP within the TM domain of a single 
TM receptor can cripple its normal function. The mecha-
nistic explanation on the function loss of this polymorphism 
shall be of great interest and importance. Early biochem-
ical studies proposed a model of reduced affinity between  
FcγRIIB-T232 and lipid rafts to explain the functional effect 
of this polymorphism (Floto et al., 2005; Kono et al., 2005).

In this study, we investigated the function disruption 
of FcγRIIB-T232 in a different perspective by combining 
techniques of high-speed single molecule–tracking, super-
resolution imaging, Monte Carlo simulations, molecular dy-
namics (MD) simulations, and nuclear magnetic resonance 
(NMR) spectroscopy. By live-cell and single-molecule imag-
ing, we first showed that FcγRIIB-T232 diffuses significantly 
slower than FcγRIIB-I232 on the plasma membrane of lab-
oratory cells and human primary B cells as well as mono-
cytes from lupus patients. Experiments on both BCRs and  
FcγRIIB receptors on human primary B cells suggested that  
FcγRIIB diffuses almost three times faster than BCRs. We 
then proved that rapid lateral mobility is essential for sustaining 
the inhibitory function of FcγRIIB. In subsequent molecu-
lar-level studies, we found that the crippled lateral mobility of  
FcγRIIB-T232 is possibly caused by changes in conforma-
tion and orientation of the TM domain of FcγRIIB-T232. 

In atomistic simulations, we found that the I232T poly-
morphism renders the TM helix more bent and more tilted 
within the membrane. Consistently, NMR measurements 
suggested that the TM helix of FcγRIIB-T232 is longer than 
that of FcγRIIB-I232. These structural changes inevitably in-
crease the cross-sectional area of the TM domain and, thus, 
shall in turn reduce the lateral mobility of FcγRIIB-T232 
as predicted by the Stokes-Einstein–like equation (Gambin 
et al., 2006)–based theoretical calculation. We finally pro-
posed a new “catch me if you can” model to rationalize the 
function loss of FcγRIIB-T232. FcγRIIB-I232 is a highly 
mobile plasma membrane receptor that can readily catch the 
Fc portion of IgG antibodies in immune complexes (ICs) to 
perform potent inhibitory functions. The I232T polymor-
phism, however, drastically slows down the lateral diffusion 
of FcγRIIB-T232 and therefore greatly suppresses its chance 
to catch the ICs, as indicated from Monte Carlo simulations, 
which impairs its capability to execute the inhibitory func-
tion at the right time in the right place.

Results
FcγRIIB-T232 shows significantly slower lateral mobility 
than FcγRIIB-I232 in fluorescence recovery after 
photobleaching (FRAP) assay
Lateral mobility is one of the key biophysical features of all 
components of a biomembrane, including membrane pro-
teins, and it is well documented that the TM domain of a 
receptor protein significantly affects the efficiency of lateral 
mobility (Fujiwara et al., 2002; Kusumi et al., 2005, 2012; 
Suzuki et al., 2007; Kasai et al., 2011). Thus, we performed a 
variety of experiments to compare the diffusional behavior of 
FcγRIIB-I232 and FcγRIIB-T232 on the plasma membrane. 
First, we conducted the conventional FRAP experiment to 
bleach a small region on the equatorial plasma membrane 
of A20II1.6 B cells that lack endogenous FcγRIIB but ex-
press comparable amounts of surface-located FcγRIIB-I232 
or FcγRIIB-T232 with YFP as a tag. After photobleaching, 
we observed that the mean fluorescence intensity of YFP-
tagged FcγRIIB is promptly recovered and reaches a plateau 
in <30  s at room temperature (25°C; Fig. 1, A and B; and 
Videos 1 and 2). A statistical comparison of the FRAP curves 
showed that the FRAP recovery kinetics of FcγRIIB-T232 
was significantly slower than that of FcγRIIB-I232 (Fig. 1 B). 
Moreover, after least squares fitting of these two classes of 
FRAP curves to exponential functions, 69.63 ± 1.42% fast 
mobile fractions were identified for FcγRIIB-I232, whereas 
the number was significantly smaller (59.32 ± 0.57%) for 
FcγRIIB-T232. In addition, the τ1/2 recovery rate was 7.30 ± 
1.77 s for FcγRIIB-I232, in comparison with the τ1/2 value 
of 28.23 ± 2.99 s for FcγRIIB-T232. These analyses demon-
strated that FcγRIIB-I232 moved faster than FcγRIIB-T232 
in quiescent A20II1.6 B cells.

In conventional FRAP experiments, it is difficult to 
quantify the absolute Brownian diffusion coefficient from 
FRAP curves because of the lack of an appropriate mathemat-
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Figure 1.  FcγRIIB-T232 exhibits significantly slower lateral mobility than FcγRIIB-I232. (A) Representative FRAP images at the indicated time points 
showing the recovery of FcγRIIB-YFP fluorescence intensity in A20II1.6 B cells. The red circle shows the bleaching area. Bars, 1.5 µm. (B, left) Representative 
FRAP curve at 25°C experimental condition. (Right) Statistical comparison of the FRAP recovery kinetics from A20II1.6 B cells expressing either FcγRIIB-I232 
or FcγRIIB-T232. Error bars represent mean ± SEM from at least 20 cells in three independent experiments. AU, arbitrary units. (C) Representative 2D FRAP 
images at the indicated time points showing the recovery of FcγRIIB-YFP fluorescence intensity in ST486 B cells. The red circle shows the bleaching area. 
Bars, 1.5 µm. (D, left) Statistical comparison of FRAP recovery kinetics at 37°C from ST486 B cells expressing either FcγRIIB-I232 or FcγRIIB-T232. Error bars 
represent mean ± SEM from at least 18 cells in three independent experiments. (Right) Comparison of the diffusion coefficient with each dot representing 
one measurement for the diffusion coefficient from one cell. Bars represent mean ± SD from at least 18 cells in three independent experiments. Two-tailed 
Student's t tests were performed with the p-value indicated. **, P < 0.01. (E) Representative trajectories in the whole TIRF imaging time course of either Fcγ-
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ical simulation equation. Thus, we performed the two-dimen-
sional (2D) FRAP experiment by adjusting the image plane 
of a confocal fluorescence microscope to the flat top areas of 
a cell. Subsequently, we bleached a small circular region and 
recorded the FRAP curves (Fig. 1, C and D; and Videos 3 
and 4). The experiments were performed in human ST486  
B cells that lack endogenous FcγRIIB but express compara-
ble amounts of FcγRIIB-I232–YFP or FcγRIIB-T232–YFP. 
We used ST486 instead of A20II1.6 B cell because ST486 
cells were found to easily form a large flat top area at 37°C. 
Similarly, we observed significantly slower FRAP recovery 
kinetics in FcγRIIB-T232 than in FcγRIIB-I232 (Fig. 1 D). 
This configuration allowed us to analyze the 2D FRAP re-
covery curves with Soumpasis FRAP equations (Soumpasis, 
1983) and to quantify the absolute Brownian diffusion coef-
ficients for both FcγRIIB-I232 and FcγRIIB-T232 mole-
cules. The Brownian diffusion coefficient of FcγRIIB-I232 
was 0.33 µm2/s, whereas the number of FcγRIIB-T232 was 
reduced to 0.21 µm2/s (Fig.  1 D). Thus, all FRAP experi-
ments unanimously suggested significantly suppressed FRAP 
recovery kinetics in FcγRIIB-T232, which further implied its 
reduced lateral mobility on the plasma membrane of live cells.

Single-molecule imaging showed significantly slower lateral 
mobility of FcγRIIB-T232 than FcγRIIB-I232
Next, we performed high-resolution high-speed single- 
molecule imaging experiments using total internal reflec-
tion fluorescence (TIRF) microscopy to directly examine the 
lateral mobility and thus to calculate the Brownian diffusion 
coefficient of FcγRIIB in quiescent ST486 B cells using a pro-
tocol similar to our previous studies to perform single-molecule 
imaging of BCRs (Liu et al., 2010a,b, 2012). When analyzing 
the TIRF images of these single FcγRIIB molecules, we first 
used a method based on single-particle tracking (SPT) to cal-
culate and compare the Brownian diffusion coefficients of  
FcγRIIB-I232 and FcγRIIB-T232 molecules (Fig. 1 E and Vid-
eos 5 and 6). The short-range Brownian diffusion coefficients of 
2041 FcγRIIB-I232 and 4692 FcγRIIB-T232 molecules were 
calculated, and their cumulative probability distribution (CPD) 
functions were shown for a statistical comparison (Fig. 1 F). In 
quiescent B cells, only a small fraction (<10%) of FcγRIIB-I232 
is immobile as justified by a cutoff diffusion coefficient of 0.01 
µm2/s, in contrast to the larger value of >10% for FcγRIIB-T232. 
After fitting the time-dependent mean square displacement 
(MSD) data using a confined diffusion model, FcγRIIB-T232 
was found to confine to an area of 0.55 ± 0.01 µm2, significantly 
smaller than FcγRIIB-I232 (0.95 ± 0.03 µm2; Fig. 1 F). In ad-
dition, FcγRIIB-I232 also exhibits a faster diffusion coefficient 

than FcγRIIB-T232 (0.292 vs. 0.203 µm2/s; Fig. 1 F), consistent 
with the FRAP results (Fig. 1, B and D).

SPT is error prone under conditions of high signal den-
sities and high mobilities that cause particle trajectories to 
overlap. To avoid these potential errors, we also used a method 
termed particle image correlation spectroscopy (PICS; Semrau 
and Schmidt, 2007) to retrieve the nanometer-scale diffusion 
dynamics from TIRF image sequences of individual diffusing 
FcγRIIB molecules. Another advantage of PICS is its ability to 
deliver sufficient statistics where SPT fails to identify enough 
trajectories that warrant a more in-depth analysis of the mo-
bility behavior. To that end, fast and slow fractions of FcγRIIB 
can be distinguished through two-exponential fitting of the 
resulting cumulative probability curves (Semrau and Schmidt, 
2007; Xu et al., 2010). The presence of these two fractions was 
also observed for BCRs and FcγRIIA receptors (Tolar et al., 
2009; Liu et al., 2010a,b; Treanor et al., 2010; Jaumouillé et al., 
2014), indicating that it can be a general feature for membrane 
receptors that may be caused by the heterogeneous membrane 
environments and cytoskeleton regulations. Such refined anal-
yses again confirmed that FcγRIIB-I232 has a larger fast mo-
bile fraction than FcγRIIB-T232 (Fig. 1 G). For both the fast 
(Fig. 1 H) and slow (Fig. 1 I) mobile factions, FcγRIIB-I232 
was confined to an area that is significantly larger than  
FcγRIIB-T232, consistent with the MSD fitting data above 
(Fig. 1 F). Thus, PICS analysis not only confirms the faster 
lateral mobility of FcγRIIB-I232 than FcγRIIB-T232, but 
also identifies a larger fast mobile fraction of FcγRIIB-I232.

All the experiments in Fig. 1 were performed on B cells 
by the utilization of an overexpression system with fluorescent 
protein–tagged FcγRIIB. As a further validation, we exam-
ined the lateral mobility of FcγRIIB molecules on primary 
B cells and monocytes from the peripheral blood of SLE  
patients homozygous for FcγRIIB-T232 and those carrying 
FcγRIIB-I232. We used an Alexa Fluor 647–conjugated Fab 
fragment of a human FcγRIIB-specific antibody (without 
cross-recognition of FcγRIIA; Rankin et al., 2006) to spe-
cifically label FcγRIIB rather than other FcγRs in these im-
mune cells and then quantified their lateral mobility. Indeed, 
SPT analyses on thousands of FcγRIIB molecules corrobo-
rated the statistically significantly slower lateral mobility of  
FcγRIIB-T232 than FcγRIIB-I232 in both human primary 
B cells and monocytes (Fig. 2, A and B).

FcγRIIB diffuses faster than BCR in 
single-molecule imaging assay
The results in Fig. 2 (A and B) indicated that FcγRIIB has 
higher lateral mobility than published for the BCR (Tolar 

RIIB-I232 or FcγRIIB-T232 on the plasma membrane of ST486 B cells. (F) A series of mathematical comparisons of the Brownian diffusion of FcγRIIB-I232 
or FcγRIIB-T232 molecules from ST486 cells in CPD plots (left), MSD plots (middle), or scatter plots (right). Bars represent median value. The p-value in CDP 
plots is <0.0001 in Kolmogorov-Smirnov tests. (G) PICS analysis of single-molecule TIRF images from either FcγRIIB-I232 or FcγRIIB-T232. (H and I) Two 
exponential PICS analysis for both the fast (H) and slow (I) fractions of FcγRIIB molecules. (E–I) The results shown are representative of one of at least three 
independent experiments. See also Videos 1–6.
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Figure 2.  FcγRIIB-T232 exhibits significantly slower Brownian diffusion than FcγRIIB-I232 in human primary B cells and monocytes.  
(A and B) Comparison of the Brownian diffusion of FcγRIIB-I232 or FcγRIIB-T232 molecules from either human primary B cells (A) or primary monocytes 
(B). (C) Comparison of the Brownian diffusion of FcγRIIB and IgM-BCRs molecules in human primary B cells. (A–C) Cells were placed on coverslips tethering 
anti–MHC-I antibodies in TIRF microscopy imaging. Given are a series of mathematical comparisons in CPD plots (left), MSD plots (middle), and scatter 
plots (right; bars represent the median value). The p-value in each CDP plots is <0.0001 in Kolmogorov-Smirnov tests. The results shown are representative 
of one of at least three independent experiments. (D) Monte Carlo simulation of receptors’ binding time. The times for first binding between 625 receptors 
diffusing at the indicated diffusion rate and 5 random distributed immobile ICs that were confined in a 2.5 × 2.5–µm square were calculated. Error bars 
represent mean ± SEM from 400× simulation per group that were pooled from at least two independent experiments. (E) In this illustrative diagram, the 
TM domain is represented as a rectangle colored in gray, whereas the plasma membrane is colored in cyan with the borders indicated by black solid lines. 
The red solid bars represent the projections of the TM helices within the plane of the plasma membrane, which equal h × tan(α), where h is the thickness 
of the membrane (denoted as black dashed lines) and α is the tilting angle of a TM helix. The cross-sectional area shall be proportional to tan2(α). The  

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/213/12/2707/1763515/jem
_20160528.pdf by guest on 09 February 2026



A new mechanism of loss-of-function polymorphism T232 in FcγRIIB | Xu et al.2712

et al., 2009; Liu et al., 2010a,b; Treanor et al., 2010). To 
precisely compare the Brownian diffusion coefficients of  
FcγRIIB and BCR molecules on the same B cells, we per-
formed single-molecule imaging experiments under the same 
TIRF microscopy imaging conditions for both FcγRIIB 
and BCR molecules using human peripheral blood primary  
B cells from healthy individuals bearing FcγRIIB-I232. The 
SPT analysis of 6,313 IgM-BCRs and 6,896 FcγRIIB-I232 
molecules suggested that FcγRIIB diffuses almost three times 
faster than BCR (0.113 µm 2/s for FcγRIIB vs. 0.042 µm 
2/s for BCR; Fig. 2 C).

The high lateral mobility of FcγRIIB is relevant to its 
potent inhibitory function
Based on all these data, we hypothesized that the unique high 
lateral mobility of FcγRIIB might be relevant to its potent in-
hibitory function. Indeed, Monte Carlo simulation indicated 
that the high lateral mobility of FcγRIIB can increase its con-
tact possibility with IC microclusters (Fig. 2 D). In contrast, 
the retarded lateral mobility of FcγRIIB-T232 would substan-
tially reduce its chance to contact IC microclusters (Fig. 2 D). 
To further validate this hypothesis, we first implemented a 
superresolution imaging experiment supported by photoac-
tivated localization microscopy (PALM) to visualize the posi-
tion of both FcγRIIB-I232 and FcγRIIB-T232 molecules on 
the plasma membrane of A20II1.6 B cells encountering the 
planar lipid bilayers (PLBs) presenting streptavidin-supported 
molecules of either biotin-conjugated F(ab’)2 anti–MHC-I 
as a control or surrogate ICs composed of biotin-conjugated 
whole IgG anti–mouse Igκ antibodies. After a photoactivat-
able protein Eos3.2-derived PALM imaging procedure, we 
found that FcγRIIB-I232 and FcγRIIB-T232 are largely dis-
tributed in a comparable manner on the plasma membrane 
in quiescent B cells (Fig.  3, A and B). When encountering 
the surrogate ICs inducing BCR and FcγRIIB coligation, 
FcγRIIB-I232 was found to be significantly enriched within 
the microcluster of ICs. However, such enrichment is drastically 
defective in the case of FcγRIIB-T232 (Fig.  3, C and D). 
Consistently in both Hopkins index (Zhang et al., 2006) and 
H function analysis, a method derived from Ripley’s K func-
tion by calculating the number of FcγRIIB found within a 
distance of R (Kiskowski et al., 2009), FcγRIIB-I232 can 
form more large-sized nanoclusters than FcγRIIB-T232 in 
activated B cells (Fig. 3, E and F). Thus, the results in Fig. 3 
suggest that in response to activation by ICs, FcγRIIB-T232 
is less enriched in IC microclusters and is therefore less likely 
to form highly concentrated and large-sized FcγRIIB nano-
clusters to execute the inhibitory functions.

To further check the hypothesis that the high lateral 
mobility of FcγRIIB-I232 is associated with the potent in-

hibitory function of FcγRIIB, we used live-cell imaging ex-
periments to evaluate the diffusion coefficient for a chimeric 
FcγRIIB molecule with the TM domain swapped from a fast 
floating CD86 molecule (called FcγRIIB-TM-CD86; Fig. 4, 
A–E). Notably, CD86 is a single TM receptor, very similar to 
FcγRIIB. In addition, according to the current understand-
ing of plasma membrane biology, the Brownian mobility of a 
receptor on the plasma membrane is mainly determined by 
the TM domain of that receptor (Kusumi et al., 2005, 2012). 
These two points guarantee the feasibility of our swapping 
experiment. Indeed, single-molecule imaging experiments 
showed that FcγRIIB-TM-CD86 possesses high lateral mo-
bility at a similar level to FcγRIIB-I232, both of which are 
significantly faster than FcγRIIB-T232 (Fig. 4, B and C). As 
a functional test on the potency of the inhibitory function of 
these three FcγRIIB molecules, we measured Ca2+ mobili-
zation in A20II1.6 B cells expressing comparable amounts of 
these three FcγRIIB molecules and surface IgG-BCRs (not 
depicted). We used goat IgG anti–mouse Igκ antibody as the 
surrogate ICs to induce the coligation of BCR and FcγRIIB. 
We found that FcγRIIB-I232 and FcγRIIB-TM-CD86 show 
the most potent inhibitory function against BCR engage-
ment–induced Ca2+ mobilization, whereas FcγRIIB-T232 
exhibits a weak inhibitory function (Fig. 4 D). As a system 
control, F(ab’)2 fragments of goat IgG anti–mouse Igκ, which 
lack the Fc portion of IgG to interact with FcγRIIB, sim-
ilarly drive the Ca2+ mobilization in these three types of  
B cell sublines (Fig. 4 E). Thus, these results support our hy-
pothesis that high mobility of FcγRIIB is essential for its po-
tent inhibitory function.

To directly confirm that high lateral mobility is required 
for the inhibitory functioning of FcγRIIB, we used a pho-
toactivatable antigen system, caged 4-hydroxy-3-nitropheny-
lacetyl (NP), which was recently developed for the purpose 
of setting up a controllable trigger point for the recognition 
of BCRs and antigen (Wang et al., 2016). In such a system, 
caged NP can only be converted to antigenic form and thus 
can be recognized by B1-8-BCR–expressing B cells only 
after photoactivation by 405-nm photons (Fig. 5 A). Before 
live-cell imaging experiment, we placed B cells expressing 
NP-specific B1-8-IgM-BCRs on PLBs presenting streptavi-
din-supported surrogate ICs composed of biotin-conjugated 
caged NP for the stimulation of B1-8-BCR and biotin-con-
jugated whole IgG anti-FcγRIIB (clone AT10) for the stim-
ulation of FcγRIIB (schematic representation in Fig.  5 A). 
Obviously, by using this photoactivatable antigen system, we 
can purposely give sufficient amount of responding time for 
FcγRIIB-T232 to diffuse and interact with the ICs before 
triggering the interaction between caged NP and B1-8-
BCR by 405-nm photons (Fig. 5 B). Our hypothesis is that 

FcγRIIB-I232 TM helix prefers the tilting orientation of 13–18°, whereas the FcγRIIB-T232 TM helix is the most stable at the tilting angle of 35–40° (Fig. 6 J). 
Therefore, the ratio of cross-sectional area from the FcγRIIB-T232 TM helix to that from FcγRIIB-I232 shall fall in the interval between [tan(35°)/tan(18°)]2 
and [tan(40°)/tan(13°)]2, or [4.6, 13.2].
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under such experimental conditions, FcγRIIB-T232 might 
be able to circumvent its defect in lateral mobility and ex-
hibit similar inhibitory power as FcγRIIB-I232. We used 1-, 
3-, and 5-min preincubation times (responding time) before 
we photoactivated caged NP to initiate the recognition be-
tween antigen and BCRs (Fig. 5, B and D). Immediately after 
photoactivation, we examined the synaptic accumulation of 
B1-8-BCRs by TIRF imaging to quantify and compare the 
inhibitory functions of FcγRIIB-I232 and FcγRIIB-T232. 
The results showed that FcγRIIB-T232 restored the capa-
bility to inhibit the synaptic accumulation of B1-8-BCRs in 
comparison with the case of FcγRIIB-I232 when 5- (not 
depicted) and 3-min but not 1-min responding time was 
provided for FcγRIIB-T232 in advance (Fig. 5, B–D). Con-
sidering the fact that B cells used tens of seconds to land to 
the surface of PLBs in our experimental system, these re-
sults showed that <1-min responding time is not sufficient 

to restore the inhibitory function of FcγRIIB-T232. Thus, 
by using the photoactivatable caged-NP system, we further 
confirmed that the significantly slower lateral mobility of  
FcγRIIB-T232 than FcγRIIB-I232 accounts for the im-
paired function of FcγRIIB-T232.

The FcγRIIB-T232 TM helix shows aggravated helix 
bending in MD simulations
We studied how a single–amino acid change from Ile to 
Thr within the TM domain substantially slows down the 
Brownian diffusion of FcγRIIB using MD simulations by 
particularly focusing on the change in the conformation 
and orientation of the TM domain caused by the polymor-
phism. Specifically, we inserted all-atom models for the TM 
domains of both FcγRIIB-I232 and FcγRIIB-T232 into 
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) 
bilayers (Fig. S1, A and B) and quantitatively compared their 

Figure 3.  FcγRIIB-T232 is less enriched 
in IC microclusters in recognition of ICs.  
(A) A20II1.6 B cell expressing Eos3.2-tagged 
FcγRIIB-I232 or FcγRIIB-T232 was placed on 
antigen-free PLBs. Cells were then fixed, im-
aged, and processed for PALM imaging. (Left) 
TIRF images. (Middle) PALM images of the same 
representative cell. (Right) An inset region in 
the white squares in the PALM images is also 
shown as a 3D surface plot. Bars: (TIRF image), 
3 µm; (superresolution) 300 nm. (B) Given 
is the quantification of the distribution of  
FcγRIIB-I232 and FcγRIIB-T232 by Hopkins 
index (left) and H function (right). Data were 
pooled from two experiments with a mini-
mum of 14 cells per experiment. Bars repre-
sent mean ± SD in Hopkins index (left) and 
mean ± SEM in H function (right). (C) Similarly 
as in A, Eos3.2-tagged FcγRIIB-I232 (left)- or 
FcγRIIB-T232 (right)-expressing B cells were 
placed on PLBs presenting 20 nM Alexa Fluor 
647–conjugated goat IgG anti–mouse Igκ. 
(Top) Images are conventional TIRF images of 
IC microclusters and superresolution images of 
FcγRIIB-I232 (left) or FcγRIIB-T232 (right). Bars, 
1.5 µm. (Bottom) Images are the insets in the 
white squares. Bars, 50 nm. (D) Enrichment of  
FcγRIIB-I232 and FcγRIIB-T232 molecules 
within IC microclusters. Data are pooled from 
at least two independent experiments with 
a minimum of 12 cells per experiment. Bars 
represent mean ± SD. A Student's t test was 
performed with the p-value indicated. (E and F) 
Given is the quantification of the distribution 
of FcγRIIB-I232 and FcγRIIB-T232 by Hopkins 
index (E) and H function (F). Data were pooled 
from at least two independent experiments 
with a minimum of 12 cells per experiment. 
Bars represent mean ± SD (E) or mean ± SEM (F).  
***, P < 0.0001.
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conformations and orientations (Fig. S1 B). The TM domain 
of FcγRIIB-I232 was modeled as a long helix with both ter-
mini blocked by chemical groups based on comparative mod-
eling, whereas Ile232 of the simulated structure was mutated 
to Thr232 to produce the structural model of FcγRIIB-T232 
(Fig. S1, A and B; and Videos 7 and 8).

The structural models of both FcγRIIB-I232 and 
FcγRIIB-T232 TM helices are fairly stable in the mem-
brane (not depicted). Previous studies (Ballesteros et al., 
2000; Feldblum and Arkin, 2014) suggested that Thr in 
the TM helices might slightly bend the helix by prefer-
ring gauche conformation of the χ1 torsion angle and 
thus forming bifurcated hydrogen bonds with residue 
in the preceding helical turn (Fig.  6  A). As expected, 
Thr232 in the FcγRIIB-T232 TM helix adopts the 
gauche conformation in 99.97% of all the simulation 
snapshots, consistent with bifurcated hydrogen bonds 
(Fig.  6  A). Comparison of the distributions of hydro-
gen-bonding parameters (length and angle in Fig.  6  A) 
for the two candidate hydrogen bonds (denoted as 

H-bond 1 and H-bond 2 in Fig. 6 A) between residues 
232 and 228 shows a shorter distance and a more dis-
torted angle for the backbone hydrogen bond (H-bond 
1) in FcγRIIB-T232 than in FcγRIIB-I232 (Fig.  6, A 
and B), supporting that the bifurcated hydrogen bonds 
locally bend the helix in FcγRIIB-T232.

Subsequently, we quantitatively evaluated the extent 
of bending in both TM helices in the simulation trajecto-
ries. The bending angle was estimated as the scalar angle 
between the directions of both termini of the TM helix 
(Fig.  6  C). In the FcγRIIB-I232 TM domain, Thr230 
that is located half a turn away from the key residue 232 
can cause only slight bending in the helix, with a bend-
ing angle of 11.14 ± 5.83° in 20,000 structural snapshots. 
In the FcγRIIB-T232 TM domain, however, the presence 
of two Thr residues (Thr230 and Thr232) on the opposite 
sides of the helix significantly raises the bending angle to 
13.12 ± 4.39° in 20,000 snapshots (P < 1 × 10−7). There-
fore, the residue substitution of I232T aggravates the bend-
ing of the FcγRIIB TM helix.

Figure 4. T he highly motile feature of Fcγ-
RIIB is linked to its potent inhibitory function.  
(A) Shown are the schematic illustrations for the 
amino acid sequence of the TM domains of Fcγ-
RIIB-I232, FcγRIIB-T232, and FcγRIIB-CD86-TM.  
(B and C) Single-molecule imaging experiments were 
performed on A20II1.6 B cells expressing FcγRIIB-I232, 
FcγRIIB-T232, or FcγRIIB-CD86-TM to compare the 
Brownian motility of these FcγRIIB variants. Given are 
CPD plots (B), MSD plots (C, left), and scatter plots (C, 
right), respectively. Bars represent median value. The 
p-value between FcγRIIB-T232 and FcγRIIB-I232 (or 
FcγRIIB-CD86-TM) is <0.0001 in Kolmogorov-Smirnov 
tests. The results shown are representative of one 
of at least three independent experiments. (D and E) 
Ratiometric calcium flux in A20II1.6 cells expressing 
FcγRIIB-I232, FcγRIIB-T232, or FcγRIIB-CD86-TM 
that were stimulated with 5 µg/ml whole IgG anti–
mouse Igκ (D) or F(ab’)2 fragment anti–mouse Igκ (E). 
The results shown are representative of one of three 
independent experiments.
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The FcγRIIB-T232 TM helix prefers a more tilted orientation 
in the lipid membrane in MD simulations
Next, we compared the orientations of the TM domains 
for FcγRIIB-I232 and FcγRIIB-T232. The TM helices are 
completely perpendicular to the membrane before simula-
tion. After sufficient equilibration (200 ns), the tilting angle 
of the FcγRIIB-I232 TM helix converges to 8–20° in the 
membrane (Fig.  6, D–F; and Video  7), generally consistent 
with the observation (8°) by Vostrikov et al. (2010) on the 
RGW​ALP helix in the dioleoylphosphocholine membrane, 
considering that the difference of eight residues in TM length 
could roughly account for the distinction in the observed 
tilting angles of 4–12° (similar to the effect of shortening in 
lipid tails by one to two CH2 groups in both leaflets in the 
work of Vostrikov et al.).

Strikingly, the FcγRIIB-T232 TM helix finally sta-
bilizes at a significantly more tilted posture (32–44°) after 
sufficient equilibration (Fig. 6, E and F; and Video 8). Sta-
tistical analysis on the tilting angles evaluated from the last 
80-ns convergent trajectories (15.49 ± 6.62° vs. 37.40 ± 
6.55°), indicating a significant difference (P < 1 × 10−10) 
in the orientation of the TM domain (Fig.  6 F). Notably, 
the marked difference in orientations is independent of the 
methods chosen for the angle estimation (see the results 
derived from an alternative mathematical definition of the 
bending angle in Fig. 6, G and H). In a further validation, a 
structure of the FcγRIIB-T232 TM helix tilted at 40° was 
taken as the initial structure, and a back amino acid change 
was performed to restore the I232 sequence. As expected, 
the TM helix gradually changed its orientation from 40° to 
the interval of 20–30° (Fig. 6 I).

The simulation results indicate that the FcγRIIB-T232 
TM helix prefers a more inclined orientation than  
FcγRIIB-I232. To rigorously validate this hypothesis, we cal-
culated the free energy profiles of both TM helices against 
tilting angles in the POPC membrane using the adaptive bi-
asing force (ABF) method (Rodriguez-Gomez et al., 2004; 
Darve et al., 2008). To simplify the free energy calculation, 
the tilting angle was calculated using the alternative defini-
tion shown in Fig.  6  G. The free energy curves suggested 
that the FcγRIIB-I232 TM helix prefers a tilting orientation 
of 13–18° (Fig. 6, H and J), consistent with the equilibrium 
simulation. In contrast, the FcγRIIB-T232 TM helix exhibits 
two favored tilting orientations, one at ∼15° and the other at 
35–40° (Fig. 6 J). Notably, the latter orientation is 5 kcal/mol 
more favorable than the former one (Fig. 6 J), which explains 
the further inclination of this helix observed in the equilib-
rium simulation, as compared with FcγRIIB-I232.

Figure 5.  FcγRIIB-T232 restores the inhibitory function if sufficient 
responding time is given for FcγRIIB-T232 to interact with the ICs 
in a photoactivatable antigen system. (A) A schematic diagram depict-
ing the PLBs presenting the surrogate ICs composed of biotin-conjugated 
caged NP and biotin-conjugated anti-FcγRIIB antibody (AT10) and the ac-
tion of using 405-nm photos to trigger the interaction between uncaged 
NP and B1-8-BCRs. (B) A schematic diagram depicting the experimental 
procedure of using a caged NP–based photoactivatable antigen system to 
provide sufficient responding time for FcγRIIB-T232 to interact with the 
ICs. Cells were preincubated on PLBs presenting surrogate ICs for 180  s 
before the 3-s photoactivation by a 405-nm laser. The accumulation of B1-
8-IgM-BCRs into the B cell immunological synapse was examined for 300 s 
by TIRF microscopy imaging after photoactivation. (C) Statistical quantifi-
cation of the normalized mean fluorescence intensity to show the synaptic 
accumulation of B1-8-IgM-BCRs after photoactivation. Error bars repre-

sent mean ± SEM of 22 cells from one representative of three indepen-
dent experiments. (D) Similarly as in B, a 60-s responding time was given.  
(E) Similarly as in C, statistical quantification is given for the experiments 
in D. Error bars represent mean ± SEM of 20 cells from one representative 
of three independent experiments.
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Figure 6. T he FcγRIIB-T232 TM helix becomes more bent and prefers a more tilted orientation in the lipid membrane. (A, top) The χ1 angle in 
the side chain of Thr232 can take either gauche or trans conformations. (Bottom, left) For Thr232, the bifurcated hydrogen bonds (H-bond 1 and H-bond 
2) can form only when the χ1 angle takes gauche rather than trans conformation. (Bottom, right) The definitions of the length and angle of the H-bond are 
illustrated. Res, residue. (B) Comparison of the probability distributions of the angle (top) and length (bottom) of H-bond 1 in the FcγRIIB-I232 (black) and 
FcγRIIB-T232 (red) systems and H-bond 2 in the FcγRIIB-T232 (green) system. (C) Illustration of the helix bending caused by Thr residues (Thr230 and Thr232 
shown in the Licorice representation). The bending angle was estimated by the scalar angle between two vectors representing the directions of both termini 
of the helix. The terminal residues used to calculate the vectors are colored in yellow. (D) The tilting angle was estimated by the scalar angle between the 
direction axis of the helix (estimated using the yellow residues) and the norm of the membrane (estimated using the phosphorus atoms). (E) The time series 
of the tilting angles of the TM helix in 200-ns simulations of the FcγRIIB-I232 (black) and FcγRIIB-T232 (red) systems. (F) Probability distributions of the 
tilting angles estimated from the last 80 ns in the simulations on the FcγRIIB-I232 (black) and FcγRIIB-T232 (red) TM helices. The favored intervals for the 
tilting angles are highlighted in shadow. (G and H) Probability distributions of tilting angles (H) estimated using an alternative mathematical method (G), as 
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The degree of helix inclination is adjusted to maintain 
hydrophobic interaction between the TM domain and lipids
To explore the molecular mechanism of the distinct orien-
tation preferences of FcγRIIB-I232 and FcγRIIB-T232, we 
evaluated the hydrophobic interactions between the TM he-
lices and membrane lipids by calculating the surface area of 
nonpolar atoms in the helix that physically interact with the 
lipid carbon atoms (Fig. 7 A). The FcγRIIB-T232 TM helix 
exhibits a small hydrophobic interacting surface area when 
the helix tilts at 8–20° but shows markedly elevated interac-
tion accompanying further inclination (Fig. 7 B). In particu-
lar, at the tilting orientations of 20–32° and 32–44°, its values 
agree with the ones of the FcγRIIB-I232 TM helix tilted at 
8–20° and 20–32°, respectively (Fig. 7 B). These calculations 
imply that the FcγRIIB-T232 TM helix has to take a more 
tilted orientation to maintain adequate TM–lipid interaction 
or, in other words, to reduce any energetically unfavorable 
hydrophobic mismatch. The overall hydrophobic interacting 
surface area was then decomposed to the contributions of 
every single residue (Fig. 7 C). As expected, Thr232 weakens 
the TM–lipid hydrophobic interaction in the FcγRIIB-T232 
TM helix, as compared with Ile232 in the FcγRIIB-I232 TM 
helix, possibly because Thr232 introduces a hydrophilic hy-
droxyl group within the membrane lipids (Fig. 7 C). Such a 
loss in hydrophobic interaction, however, can be compensated 
by the burial of more flanking residues in the membrane 
when the FcγRIIB-T232 TM helix becomes more inclined.

In summary, the residue substitution of I232T impairs 
the favorable hydrophobic interaction between the TM helix 
and membrane lipids, which is compensated in an alternative 
approach by increasing the tilting angle of FcγRIIB-T232. 
Considering the strong membrane localization effect of the 
positively charged residues (RKKR from residues 248 to 251) 
at the C terminus of the TM helix (Fig. 4 A), residues in the 
N-terminal juxtamembrane region are expected to become 
buried in the membrane, accompanying the inclination of the 
FcγRIIB-T232 TM helix. Accordingly, we indeed observed a 
drastic difference in the position of the N-terminal Met222 
between FcγRIIB-I232 and FcγRIIB-T232 (Fig. 7 D).

FcγRIIB-T232 shows a longer TM helix than FcγRIIB-I232  
as measured by NMR spectroscopy
To further validate the simulation results, we assessed the struc-
tural differences of the FcγRIIB-I232 and FcγRIIB-T232 
TM domains by NMR spectroscopy. The TM peptides 
(Pro209 to Glu260) of FcγRIIB-I232 or FcγRIIB-T232 
were purified and reconstituted into a lipid bicelle system 
with a symmetric long-chain phospholipid bilayer rimed by 

short-chain detergents (Fig. S2). Both the 1H-15N heteronu-
clear single quantum coherence (HSQC) and 2D version of 
HNCO were performed to accurately quantify the back-
bone conformations of the TM peptides of FcγRIIB-I232 
and FcγRIIB-T232 (Fig.  8). The well-dispersed 1H-15N 
HSQC spectra indicated that the peptides were reconstituted 
successfully into the bicelle (Fig.  8, A and B). The results 
from both methods demonstrated that >10 residues of the  
FcγRIIB-T232 TM domain had different chemical environ-
ments from that of the FcγRIIB-I232 TM domain. These per-
turbed residues are mainly located at the N terminus of the 
TM domain preceding the polymorphism, strongly suggest-
ing that the structure of this region is significantly affected by 
the I232T polymorphism (Fig. 8 C). This observation agrees 
well with MD simulation.

The MD simulations strongly suggested that the TM 
helix of FcγRIIB-T232 preferred a more tilted orientation 
in the membrane bilayer than that of FcγRIIB-I232, which 
could lead to a longer membrane-embedded region of  
FcγRIIB-T232 (Fig. 6 F and Fig. 7 D). To validate this propo-
sition, we applied a NMR-based paramagnetic relaxation en-
hancement (PRE) experiment to study the length difference 
of the TM domain of FcγRIIB-I232 and FcγRIIB-T232. 
We chose a solvent PRE reagent Mn2+EDDA2− (ethylene-
diamine-N, N’-diacetic acid; EDDA2− chelated Mn2+) that 
has been used for defining the border of the TM region in 
various studies and has been reported to have no biasing ef-
fect to polar residues and lipid functional groups (Lau et al., 
2008; Claridge et al., 2013). Theoretically, the membrane-em-
bedded residues of the TM domain should be insensitive to 
Mn2+EDDA2−, whereas the solvent-exposed residues of the 
extracellular and intracellular domains should be sensitive. 
According to the MD simulations, the FcγRIIB-T232 TM 
domain is more tilted, leading to the deeper membrane em-
bedment of Met222 that is otherwise more solvent exposed 
in the case of FcγRIIB-I232 (Fig. 7 D). Because the methyl 
(CεHε

3) signal of the Met222 side chain is well separated 
from other signals in the 1H-13C HSQC spectrum (Fig. 8 D), 
we measured the signal reduction of Met222-CH3 of either  
FcγRIIB-I232 or FcγRIIB-T232 induced by the addition of 
Mn2+EDDA2−. A 1H-13C HSQC–based PRE titration exper-
iment showed that the intensity of the Met222-CH3 of both 
proteins decreased in correspondence to the increase of the 
concentration of Mn2+EDDA2−. However, the Met222-CH3 
signal of FcγRIIB-T232 decreased at a significantly slower 
rate than that of FcγRIIB-I232 (Fig. 8 E), indicating the bet-
ter membrane embedment of Met222 in FcγRIIB-T232. The 
PRE data agree well with the HSQC/HNCO data, showing 

the scalar angle between the center of phosphorus atoms in the upper lipid leaflet, the center of carbonyl carbon atoms in residues 244–247 that represent 
the C terminus of the TM helix, and the center of all Cα atoms in residues 224–245 that represent the geometric center of the TM helix. (I) Tilting-angle 
relaxation of the FcγRIIB TM helix after backward T232I substitution. (J) The free energy profiles against the tilting angle in the FcγRIIB-I232 (black) and 
FcγRIIB-T232 (red) systems. (A–J) All the MD results have been verified in three independent experiments, using different force fields and different lipid 
composition. See also Fig. S1 and Videos 7 and 8.
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that the structure of the N terminus of the TM domain is 
more affected by the I232T polymorphism.

Tilted posture of the TM helix of FcγRIIB-T232 
predicts its slower lateral mobility and fewer collisions 
with ICs than FcγRIIB-I232
MD simulations suggested that the FcγRIIB-T232 TM helix 
prefers a more tilted orientation than FcγRIIB-I232 (Figs. 6 
and 7). NMR measurement on the recombinant peptide of 
the TM helix also supported such a conclusion (Fig. 8). The 
current understanding in plasma membrane biology shows 
that the Brownian diffusion coefficient of a given TM re-
ceptor on the plasma membrane is inversely proportional to 
the size of the cross-sectional area of its TM domain (Ku-
sumi et al., 2005, 2012; Gambin et al., 2006). For a single 
TM receptor like FcγRIIB, an inclined TM helix of Fcγ-
RIIB-T232 with the tilting angle of 35–40° (Fig. 6 F) will 
inevitably have an ∼4.6–13.2-fold higher cross-sectional area 

within the plasma membrane (Fig.  2 E) than the relatively 
perpendicular FcγRIIB-I232 TM helix with the tilting angle 
of only 13–18° (Fig. 6 F). The Brownian diffusion coefficients 
of FcγRIIB-I232 and FcγRIIB-T232 are therefore sup-
posed to differ significantly on the plasma membrane. Thus, 
the theoretical prediction based on the heuristic Stokes- 
Einstein–like equation (Gambin et al., 2006) and the changes 
in conformation and orientation of the TM domain of  
FcγRIIB-T232 observed from both in silico MD simulations 
and experimental NMR studies are coherently consistent 
with the in vivo experimental observations in live immune 
cells, showing that FcγRIIB-T232 exhibits significantly 
slower lateral mobility than FcγRIIB-I232 as extensively 
demonstrated in Figs. 1 and 2. The difference between the lat-
eral mobility of FcγRIIB-I232 and FcγRIIB-T232 implied 
that FcγRIIB-I232 may be more likely than FcγRIIB-T232 
to collide with the ICs and hence to form microclusters, 
which explains its stronger inhibition. Indeed, Monte Carlo 

Figure 7. T he degree of helix inclination is adjusted to maintain the hydrophobic interaction between the TM domain and lipids. (A) Illustra-
tion of the protein–lipid hydrophobic interaction, which was evaluated by the surface area of the nonpolar atoms (shown in gray and transparent surface 
representation) in TM helices that fall within 5 Å of the carbon atoms in lipid tails. (B) Distributions of hydrophobic surface area for FcγRIIB-I232 and 
FcγRIIB-T232 TM helices at various tilting angles (8–20°, 20–32°, and 32–44°). (C) Decomposition of the hydrophobic surface area to the contribution of 
each residue for the FcγRIIB-I232 TM helix tilting by 8–20° (black) and the FcγRIIB-T232 TM helix tilting by 32–44° (red). Error bar represent the mean ± 
SD. (D) Probability distributions of positions of the side groups of Met222 (MET; black) and Lys249 (LYS; red) along the axis perpendicular to the membrane 
surface in the FcγRIIB-I232 (continuous lines) and FcγRIIB-T232 (dashed lines) systems, respectively. The borders of the membrane bilayers are indicated by 
the same distributions of phosphorus atoms (blue) in the phospholipid molecules located in the two leaflets. (A–D) All the MD results have been verified in 
three independent experiments, using different force fields and different lipid composition.
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Figure 8. T he substitution of Ile232 to Thr232 induced substantial conformational changes in the TM domain of FcγRIIB as measured by 
solution NMR. (A and B) Overlay of 1H-15N HSQC spectra (A) and 2D version of HNCO spectra of FcγRIIB-I232 and FcγRIIB-T232 (B). Spectra were recorded 
at 27°C and an 1H frequency of 600 MHz using 0.1 mM 13C, 15N–labeled FcγRIIB-I232 or FcγRIIB-T232 reconstituted in a bicelle composed of 40 mM DHPC 
and 12 mM POPC in 20 mM Bis-Tris, pH 6.7, and 10% D2O solution. The resonance signals of FcγRIIB-T232 were assigned by a set of triple resonance exper-
iments and were labeled in the HSQC and HNCO spectras. ppm, parts per million. (C) The averaged chemical shift difference of the amide signals between 
FcγRIIB-I232 and FcγRIIB-T232 in the HSQC spectra. The polymorphism is shown by red dashed lines. The residues that had big chemical shift changes 
are shown by the dashed lines. (D) 1H-13C HSQC was recorded at 27°C and an 1H frequency of 900 MHz. The methyl signal (CεHε

3) of the M222 sidechain is 
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simulations indicated that the collision rate increased as the 
diffusion coefficient was ramped up, predicating that slowly 
mobile FcγRIIB-T232 were significantly less likely to collide 
with the ICs than the highly mobile FcγRIIB (Fig. 2 D).

Discussion
In this study, we mechanistically investigated the functional 
and structural disruption of FcγRIIB-T232. One of the pri-
mary findings of our study is that the I232T polymorphism 
causes significant changes in both conformations and orien-
tations of the TM domain of FcγRIIB. In contrast, the I232T 
polymorphism aggravates the bending of the TM helix by 
engaging the Thr232 side chain to form bifurcated hydro-
gen bonds, consistent with previous studies showing that Ser 
and Thr present in TM helices frequently cause helix bending 
(Ballesteros et al., 2000; Feldblum and Arkin, 2014). How-
ever, the I232T polymorphism triggers the TM domain of  
FcγRIIB to adopt a significantly more inclined posture.  
Although early studies on the WALP (peptides composed of 
multiple Trp, Ala, and Leu residues) family helix using NMR 
spectroscopy (Vostrikov et al., 2010) showed that the TM 
helix can automatically adjust its degree of inclination to 
adapt the changes in lipid composition, to our knowledge, it 
has never been reported that a single-residue substitution can 
cause the substantial change of tilting the angle of a TM helix 
(from ∼15° to ∼40°) when all the other conditions (e.g., the 
lipid composition) are identical. Helix bending and inclina-
tion can jointly increase the cross-sectional area of the TM 
domain, which provides the molecular-level explanation for 
the reduction in the lateral mobility induced by this poly-
morphism. Moreover, the simulation results were success-
fully confirmed by NMR measurements: (a) the observation 
of more significant perturbation on the microenvironment 
for the N-terminal residues than C-terminal ones is consis-
tent with the prediction based on simulation, considering 
that helix bending occurs at the N-terminal half and that, 
during the helix inclination, the positively charges residues 
(KRRK) restrict the movement of C-terminal residues by 
favorably interacting with the negatively charged lipid head 
group, and (b) NMR-based PRE measurement also captured 
deeper membrane burial of Met222 in FcγRIIB-T232 than 
in FcγRIIB-I232, providing direct experimental evidence for 
the simulation observation of enhanced inclination of the 
TM helix induced by the I232T polymorphism. Our fur-
ther mechanistic investigation implied that the TM helix of 
FcγRIIB-T232 uses a strategy of enhancing inclination to 
maintain hydrophobic interaction between the TM domain 
and lipids because the Ile-to-Thr polymorphism introduces 
a hydrophilic hydroxyl group within the membrane bilayer. 
We proposed that the helix inclination could drag juxtam-

embrane residues into the membrane to compensate the loss 
of hydrophobic interaction caused by the introduction of 
a polar group. This proposition is consistent with the well- 
accepted perspective that the TM helices of integral mem-
brane proteins shall be perfectly oriented for the purpose of 
maintaining optimal interactions with the lipids (Strandberg 
et al., 2004; Vostrikov et al., 2010).

The second key finding of this study is that the structural 
changes in the TM domains of FcγRIIB-T232 dramatically 
impairs its Brownian lateral mobility on the plasma mem-
brane, and as a consequence, all these influences help explain 
the functional disruption of FcγRIIB-T232 compared with 
the case of FcγRIIB-I232. TM receptors on the plasma mem-
brane follow unceasing lateral motion (or termed as Brown-
ian diffusion in a 2D surface; Kusumi et al., 2005, 2012). The 
lateral mobility allows a receptor to frequently communicate 
with other molecules including ligands in the extracellular 
space, co-receptors on the membrane, and downstream sig-
naling molecules in the cytosol. Thus, the linkage between 
this biophysical property and the function of membrane re-
ceptors has attracted more and more attention in biologi-
cal studies (Fujiwara et al., 2002; Kusumi et al., 2005, 2012;  
Suzuki et al., 2007; Kasai et al., 2011; Jaumouillé et al., 2014). 
Recent advances in membrane biology have demonstrated 
that the plasma membrane is compartmentalized into hun-
dreds of nanometer-sized microdomains by a membrane-skel-
eton fence and an anchored TM-protein picket (Kusumi et 
al., 2005, 2012). Such a comprehensive view determines that 
the Brownian diffusion coefficient of a given receptor on the 
plasma membrane shall be inversely proportional to the size 
of the cross-sectional area of its TM domain. Indeed, the em-
pirical study by Gambin et al. (2006) summarized a heuristic 
Stokes-Einstein–like equation to mathematically quantify in-
fluence of the dimension of the cross-sectional area of the TM 
domain of a receptor on its lateral mobility (D ∝ 1/R). Here, 
we consistently found that FcγRIIB-T232 performed much 
slower Brownian diffusion than FcγRIIB-I232. These results 
are consistent with the general understanding of the current 
plasma membrane biology (Kusumi et al., 2005, 2012; Gambin 
et al., 2006), considering that the TM helix of FcγRIIB-T232  
tilting by 35–40° is theoretically predicted to have ∼4.6–13.2-
fold more cross-sectional area within the plasma membrane 
than that of FcγRIIB-I232 with tilting by 13–18° (Fig. 6 F 
and Fig. 2 E). Thus, these live-cell imaging experiments vali-
dated the calculations from in silico MD simulations and the 
measurements from experimental NMR experiments.

The third and the most important finding of this study 
is that reduction in the lateral mobility of FcγRIIB-T232 
crucially correlates with its function loss. FcγRI and BCR 
are two of the main activating immune receptors subjected to 

marked with a red asterisk. (E) PRE effects on the methyl signal of the M222 sidechain upon titration of Mn2+EDDA2−. The methyl signals of M222 in the 
presence of Mn2+EDDA2− were normalized on the signal in the absence of the PRE reagent. (A–E) The results shown are one representative of at least two 
independent experiments. See also Fig. S2.
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the inhibition of FcγRIIB. According to the literature, they 
show strong affinities with the target ligands. The reported 
dissociation constant between FcγRI and the Fc portion of 
IgG1 is 7–9 × 10−9 M (Lu et al., 2015). The dissociation con-
stant between BCR and the antigen would be within a wide 
range from 10−6 to 10−10 M (Batista and Neuberger, 2000). 
In contrast, human FcγRIIB is well known to recognize the 
Fc portion of human IgG antibody with weak affinity (the 
dissociation constant ≈ 0.9–1 × 10−6 M; Mimura et al., 2001). 
Therefore, when FcγRI or BCR molecules on immune cells 
(e.g., monocytes for FcγRI and B cells for BCR) encounter 
the antigen and IgG antibody ICs, these two activating recep-
tors instantly bind with ICs to form IC microclusters, thus 
initiating the signaling cascades. Defeated in the initial bind-
ing competition, FcγRIIB has to diffuse in a random manner 
until it collides with the Fc portion of clustered IgG with 
avidity effects in preformed IC microclusters, which finally 
enriches these molecules to initiate their inhibitory func-
tion. The high mobility of FcγRIIB is thus essential for this 
process, and the faster floating FcγRIIB-I232 is more likely 
to collide with the Fc portion of the IgG antibodies in ICs 
through random diffusion than the slower FcγRIIB-T232. 
As a consequence, FcγRIIB-T232 may fail to perform the 
inhibitory function because of the lack of sufficient collision 
between FcγRIIB-T232 and the Fc portion of IgG. Our hy-
pothesis that the high lateral mobility of FcγRIIB-I232 is 
associated with the potent inhibitory function of FcγRIIB 
is supported by the experiments using photoactivatable anti-
gen caged NP. In those experiments, caged NP can only be 
recognized by B1-8-BCR–expressing B cells upon photoac-
tivation. Indeed, if sufficient amount of responding time was 
provided in advance for FcγRIIB-T232 to diffuse and inter-
act with the ICs before triggering the interaction between 
caged NP and B1-8-BCR, FcγRIIB-T232 could inhibit the 
recruitment of B1-8-BCRs into the B cell immunological 
synapse as potently as FcγRIIB-I232.

Based on all these data and thoughts, we suggest the 
catch me if you can model as a new mechanistic explanation 
of how a single–amino acid change from Ile232 to Thr232 
in the TM domain results in functional disruption of the lu-
pus-associated FcγRIIB-T232 polymorphism (Fig. 9, A and 
B). Our model is originally inspired by the observations that 
FcγRIIB-T232 showed impaired accumulation in the syn-
apse at the early time point after activation (Xu et al., 2014) 
and is later supported by the observation in this study that a 
chimeric FcγRIIB with the TM domain replaced by that of a 
fast floating molecule CD86 restored the inhibitory function 
and the observation that FcγRIIB-T232 could circumvent 
its defect in lateral mobility and efficiently execute its inhib-
itory function as long as a sufficient amount of responding 
time is provided for FcγRIIB-T232 to interact with the ICs. 
Thus, the inhibitory function of FcγRIIB is strikingly found 
to depend on its lateral mobility, a property that is known 
to be mainly determined by the TM domain of the recep-
tor rather than by the extracellular or cytoplasmic domains  

(Kusumi et al., 2005, 2012). Notably, FcγRIIB is well known 
as a monomeric TM receptor that does not function through 
forming complexes with other plasma membrane receptors 
(Jaumouillé et al., 2014), a fact that lays the foundation for 
our prediction on lateral mobility based on a cross-sectional 
area of the TM domain. Our model is also supported by the 
PALM-based superresolution imaging and Monte Carlo sim-
ulation analyses in this study that the lack of sufficient lateral 
mobility of FcγRIIB-T232 hinders its successful collision 
and enrichment in the IC microclusters and the subsequent 
assembly of larger-sized FcγRIIB nanoclusters in response 
to antigen and IgG antibody ICs. Indeed, the formation of 
potent FcγRIIB microclusters and their concomitant colo-
calization with BCR microclusters are prerequisites for Fcγ-
RIIB to block B cell activation (Liu et al., 2010c; Xu et al., 
2014). Early studies reported that the function loss of Fcγ-
RIIB-T232 arises from its reduced affinity with the lipid rafts 
composed of sphingolipids and cholesterols within the plasma 
membrane upon IC activation (Floto et al., 2005; Kono et al., 
2005). Because the lipid rafts are usually coincident with the 
microdomains to which immune receptors (e.g., BCR and 
FcγRI) would be translocated to in response to recognition 
of ICs, they would also be the places that FcγRIIB tries to 
reach through random diffusion. In this perspective, our catch 
me if you can model does not contradict this theory. Instead, 
we propose that our catch me if you can model could help 
explain the lack of stability of FcγRIIB-T232 within the mi-
crodomains enriched by sphingolipids and cholesterols.

Conclusively, in the catch me if you can model, the 
I232T polymorphism enforces the inclination of the 
TM domain and thereby reduces the lateral mobility of  
FcγRIIB-T232, which is critical for FcγRIIB molecules 
to catch the Fc portion of IgG antibodies in the IC mi-
croclusters to execute inhibitory function at the right 
time in the right place.

Materials and methods
Cells, antigens, antibodies, and chemical reagents
A20II1.6, ST486, and THP-1 cell lines were gifts for labo-
ratory studies from S.K. Pierce (National Institute of Allergy 
and Infectious Diseases, Bethesda, MD), all of which were 
originally purchased from ATCC. 293T was purchased from 
cellbank (Chinese Academy of Sciences). The biotin-conju-
gated goat F(ab’)2 anti–mouse IgG Fc portion, biotin-conju-
gated goat anti–mouse IgG Fc portion, goat anti–anti–mouse 
Igκ, goat anti–human IgM + IgG (H+L), and biotin- 
conjugated goat F(ab’)2 anti–human IgM + IgG (H+L) were 
purchased from Jackson ImmunoResearch Laboratories, 
Inc. Anti–MHC-I (H-2Db), FITC-conjugated mouse anti–
human CD14 and FITC-conjugated mouse anti–human 
CD19 was purchased from eBioscience. A human FcγRIIB 
(no cross-reaction to FcγRIIA)-specific mAb and mouse–
human chimeric ch2B6-N297Q (Rankin et al., 2006) were 
a gift from S. Koenig and T.J. Mayer (Macrogenics, Rockville, 
MD). The biotinylation of antibodies was performed using 
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EZ-Link Sulfo-NHS-LC-Biotin kits (Thermo Fisher Scien-
tific) following manufacturer’s protocols. Conjugations of an-
tibodies with Alexa Fluor 568 or 647 were performed using 
Alexa Fluor mAb labeling kits (Molecular Probes) follow-
ing the manufacturer’s protocols. The digestion of antibodies 
into Fab or F(ab’)2 fragments was done using Fab or F(ab’)2 
micro preparation kits following a protocol in our published 
studies (Li et al., 2004; Liu et al., 2010a,b,c, 2012). Primary 
B cells and monocytes from the peripheral blood of SLE 
patients were collected from participant patients enrolled in 
the Department of Rheumatology and Immunology, Peking 
University People’s Hospital. All participants signed informed 
consent to donate their blood samples for research. The 
human experimental guidelines were approved by the Medi-
cal Ethics Committee of Peking University People’s Hospital  
(approval no. 2014PHB116-01).

Plasmid construction and cell transfection
The pMSCVpuro plasmids containing human FcγRIIB WT 
or I232T were provided by Z.I. Honda (Tokyo University, 
Tokyo, Japan; Kono et al., 2005). The mEos3.2 cDNA was 
provided by P. Xu (Chinese Academy of Sciences, Beijing, 
China). Following Gibson assembly protocols (Gibson et 
al., 2009), we subcloned FcγRIIB cDNA into a pEYFP-N1 
plasmid or pHAGE plasmid containing mEos3.2 cDNA. 
Similarly, the TM domain of FcγRIIB was swapped with 
the TM domain of CD86 following Gibson assembly proto-
cols. Stable A20II1.6 cell sublines expressing FcγRIIB-I232,  
FcγRIIB-T232, or FcγRIIB-CD86-TM were acquired by 
electroporation-based transfection, G418 (1 mg/ml) selec-
tion, and flow cytometry–based cell sorting. Multiple rounds 
of cell sorting were used to get cell sublines with similar ex-
pression level of FcγRIIB. Similarly, stable ST486 expressing a 
comparable amount of FcγRIIB-I232 or FcγRIIB-T232 was 
acquired by three vector (pHAGE, psPAX2, and pMD2.G)– 
based lentivirus infection, followed by multiple 
rounds of cell sorting.

Modeling the TM domain and the 
equilibrium MD simulations
The sequence boundary of the TM domain of FcγRIIB was 
predicted using the TMH​MM server (Krogh et al., 2001). 
The representative structure for the TM domain (residues 
215–251) was then modeled by comparative modeling 
using the program MOD​ELL​ER 9.10 (Šali and Blundell, 
1993; Fiser and Sali, 2003), with the N and C termini 
blocked by acetyl and N-methyl-amide groups, respectively. 
In the simulations, the modeled TM domain structure was 
inserted into a lipid bilayer composed of 101 POPC mol-
ecules. The system was subsequently solvated by TIP3P 
water (6,393 molecules) and was neutralized by 150  mM 
NaCl. The polymorphism was achieved using the Mutator 
plugin of Visual Molecular Dynamics (version 1.9.1; Šali 
and Blundell, 1993). All simulations were performed by 
the Nanoscale Molecular Dynamics program (version 2.9; 
Phillips et al., 2005) using the CHA​RMM36 force field 
with the CMAP correction (MacKerell et al., 1998). The 
simulations were conducted in an isothermal-isobaric en-
semble, with the pressure and temperature held at 1 atm 
and 310 K using a Langevin thermostat and Nose-Hoover 
Langevin piston, respectively (Martyna et al., 1994; Feller et 
al., 1995). The van der Waals interactions were cutoff at 12 
Å with a smooth switch at 10 Å. The electrostatic interac-
tions were evaluated using the particle mesh Eward method 
with periodic boundary conditions applied in all directions 
(Essmann et al., 1995).

All systems were first preequilibrated in the following 
four steps: (1) The system was minimized by 1,000 steps and 
equilibrated for 0.5 ns with all atoms fixed except the lipid 
tails; (2) The protein atoms were restrained at the initial po-
sition by a force constant of 1 kcal/mol/Å2, and the system 
was equilibrated for 0.5 ns after 1,000 steps of minimization; 

Figure 9.  A catch me if you can model to explain the function loss 
of FcγRIIB caused by the lupus-associated polymorphism I232T.  
(A and B) When B cells encounter the antigen (Ag) and IgG antibody ICs, 
BCR first interacts with antigens favorably to form BCR-IC microclusters, 
so as to initiate the BCR signaling cascades. Because of the weak affin-
ity between FcγRIIB and the Fc portion of human IgG antibody, only the 
highly mobile FcγRIIB-I232 (A) could catch the IgG Fc portion in the IC 
microclusters through random diffusion, and its subsequent enrichment 
allows proper functioning by initiation of its inhibitory signaling. In con-
trast, the I232T polymorphism significantly impairs the mobility of Fcγ-
RIIB-T232 (B), which causes function loss by substantially reducing its 
chance to collide with the IgG Fc portion in the IC microclusters. ITAM, 
immunoreceptor tyrosine-based activation motif; ITIM, immunoreceptor 
tyrosine-based inhibition motif.
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(3) all constraints were removed, and the system was equili-
brated for 0.5 ns; and (4) the system was equilibrated for an 
additional 0.5 ns with the area of the membrane held as a 
constant. After the standard preequilibration, all systems were 
further preequilibrated for 20 ns with a time step of 1 fs.

In the following productive simulations, the time step 
was switched to 2 fs, and the productive simulations were 
conducted for 200 ns, with the snapshots in the last 80 ns 
adopted to evaluate the probability distributions for the 
tilting angle of the TM domain. In a control simulation in 
which a snapshot of FcγRIIB-T232 at 200 ns was mutated 
back to FcγRIIB-I232 to observe the responsive changes in 
the tilting angle, the productive simulations were performed 
for 9 ns after 3 ns of preequilibration. In the simulations, 
the tilting angle was calculated as the scalar angle between 
two axes: the mean normal vectors of the outer and inner 
lipid leaflets (defined by all phosphorus atoms) as well as 
the central axis of the TM helix (defined by all backbone 
atoms of residues 224–245).

ABF simulation
The ABF method was used to evaluate the potential of 
mean force (PMF; Darve and Pohorille, 2001; Darve et al., 
2002, 2008; Rodriguez-Gomez et al., 2004). The C termi-
nus of the TM domain (the Cα atom of Arg248) was re-
strained in the x-y plane (parallel to the membrane surface) 
using a flat-bottom potential (no penalties within 0.3 Å 
around the center position in both the x and y directions) 
with a force constant of 100 kcal/mol/Å2. The reaction 
coordinate was chosen as the scalar angle of three groups: 
the center of phosphorus atoms in upper lipid leaflet, the 
center of carbonyl carbon atoms in residues 244–247 that 
represent the C terminus of the TM helix, and the cen-
ter of all Cα atoms in residues 224–245 that represent the 
geometric center of the TM helix. The reaction coordinate 
was divided into six windows with each one spanning 5.5°. 
The neighboring windows had an overlap of 0.5° to guar-
antee smooth splicing. A force constant of 100 kcal/mol/
Å2 was used to retrain the tilting angle within each win-
dow. For the FcγRIIB-I232 and FcγRIIB-T232 systems, 
the initial structure for each window was chosen from the 
equilibrium simulations. Before the simulation, all systems 
were translated so that the Cα atom of Arg248 was posi-
tioned at the origin. All systems were then preequilibrated 
for >1 ns before the ABF calculation. The PMF was cal-
culated with a width of 0.1° in each window, and 1,000 
samples were used to preestimate the biasing force in each 
bin. The time step of 1 fs was used in all ABF simulations. 
The PMF profiles were updated every 4 ns. The calculation 
was believed as convergent both when the two latest PMF 
profiles differed by <0.5 kcal/mol and when the maximum 
and minimum sampling counts within each window dif-
fered by less than fivefold in the last 4-ns simulations. The 
overall PMF profiles were finally derived by splicing the 
curves from all windows.

FcγRIIB TM peptide expression and purification
FcγRIIB TM WT and I232T peptides were expressed as a 
TrpLE fusion protein in Escherichia coli BL21 (DE3) cells. 
C247S substitution was incorporated to avoid peptide 
cross-linking. The fusion protein was expressed in inclu-
sion bodies, which were dissolved in wash buffer contain-
ing 50 mM Tris-HCl, pH 8.0, 6 M guanidine hydrochloride, 
200 mM NaCl, and 1% Triton X-100, and then applied onto 
a Ni-nitrilotriacetic acid affinity column (QIA​GEN). The 
FcγRIIB TM peptide was cleaved from the fusion protein at 
the Asp-Pro site in 10% formic acid containing 6 M guani-
dine-HCl. The digest was dialyzed to water, lyophilized, and 
loaded on a column (300SB-C3; ZOR​BAX) in 70% TFA. A 
linear gradient of 40–100% buffer B (acetonitrile and 0.2% 
TFA) in 60 min was run to purify the target peptide.

NMR sample preparation
FcγRIIB TM peptide was reconstituted in POPC bicelle 
solution containing 400  mM DHPC (1, 2-dihexanoyl-sn- 
glycero-3-phosphocholine) and 120 mM POPC (Q = 0.3) 
by repeated vortex, freezing, and thawing until a clear solu-
tion was obtained. The bicelles of this q-value have been 
reported to form magnetically isotropic units that exhibit pla-
nar geometry (Prosser et al., 2006) and are well suited for the 
study of single-span TM proteins (Lau et al., 2008). Bis-Tris 
buffer solution, pH 6.7, D2O, and H2O were then added into 
the sample. The NMR sample for chemical shift assignments 
contained 0.3 mM 13C, 15N-labeled TM domain peptide of 
FcγRIIB, 20 mM Bis-Tris, pH 6.7, 200 mM DHPC, 60 mM 
POPC, and 10% D2O/90% H2O.

NMR spectroscopy
NMR experiments were conducted at 27°C on ASC 600 and 
800 MHz (Agilent Technologies) and AVA​NCE III 900 MHz 
(Bruker) spectrometers equipped with cryogenic probes. Se-
quence-specific assignment of the backbone chemical shifts 
was accomplished using triple resonance experiments, in-
cluding HNCA, HNC​ACB, CBCA(CO)NH, HNCO, and 
15N-edited NOE​SY-HSQC with a mixing time of 120 
ms. In PRE experiments, a 2D 1H-13C HSQC spectrum 
was recorded with the addition of 0, 0.5, 1, and 2 mM of 
Mn2+EDDA2−. Mn2+EDDA2− was freshly prepared as previ-
ously described (Lau et al., 2008). The intensity of each spec-
trum was analyzed by NMR View (Delaglio et al., 1995) and 
KUJ​IRA (Kobayashi et al., 2007), and then the intensity ratio 
without Mn2+EDDA2− (I/I0) was calculated for quantifying 
the signal broadening caused by PRE. The chemical shift dif-
ference per residue of FcγRIIB-I232 and FcγRIIB-T232 in 
the HSQC spectra was calculated as Δδ(HN/15N) = [(δHN)2 
+ (0.154 × δN)2]1/2 (Ayed et al., 2001).

FRAP measurements
A20II1.6 or ST486 B cells expressing YFP tag were cultured 
on the glass of Lab-Tek chambers (Thermo Fisher Scientific). 
Subsequently FRAP measurements were performed at the 
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indicated temperature on a confocal microscope (LSM510; 
ZES​IS) using a 100× oil objective and the 514-nm line of a 
Kr/Ar laser. Photobleaching was performed by illuminating 
the region of interest only with the 514-nm laser at 100% 
power. Recovery of the fluorescence intensity was then re-
corded at an imaging rate of 93 ms per frame. For each set of 
conditions, >12 cells were collected and averaged before anal-
ysis. FRAP datasets were analyzed by nonlinear least squares 
fitting to the Soumpasis equation (Soumpasis, 1983):

	​​ f​​(​​t​)​​​  =  exp​(− ​ 
2 ​τ​ D​​ _ t  ​)​​[​​ ​I​ 0​​​(​ 2 ​τ​ D​​ _ t  ​)​ + ​I​ 1​​​(​ 2 ​τ​ D​​ _ t  ​)​​]​​.​​

Preparation of antigen-containing PLBs
PLBs were prepared following our published protocol (Liu et 
al., 2010a,b; Wan and Liu, 2012), which biotinylated antibodies 
against BCR, and FcγRIIB was attached through streptavidin 
to the planar fluid lipid bilayers. In brief, biotin liposomes were 
prepared by sonication of 1,2-dioleoyl-sn-glycero-3-phos-
phocholine and 1,2-dioleoyl-sn-glycero-3-sphosphoeth-
anolamine-cap-biotin (Avanti Polar Lipids, Inc.) in a 25:1 
molar ratio in PBS at a lipid concentration of 5 mM. Lab-Tek 
chambers (Thermo Fisher Scientific) were prepared with re-
placed nanostrip-washed coverslips. The coverslips were incu-
bated with 0.1 mM biotin liposomes in PBS for 20 min. After 
washing with 10 ml PBS, the PLB was incubated with 30 nM 
streptavidin for 15 min, and excessive streptavidin was removed 
by washing with 10  ml PBS. The streptavidin-containing  
PLBs were incubated for 15 min with 20 nM biotinylated 
F(ab’)2 anti–MHC-I. The excessive antigen was removed by 
washing. Next, PLB was blocked with 5% BSA in PBS at 
37°C for 30 min and washed thoroughly before usage.

For caged NP experiments, the nanostrip-washed cov-
erslips were incubated with 0.15  mM biotin liposomes in 
PBS for 20 min. After washing with 10 ml PBS, the PLB was 
incubated with 40 nM streptavidin for 15 min, and excessive 
streptavidin was removed by washing with 10 ml PBS. The 
following steps were performed in a dark room for the pro-
tection of caged-NP molecules. The streptavidin-containing 
PLBs were incubated for 15 min with 100 nM biotinylated 
caged NP and 20 nM biotinylated anti-FcγRIIB mAb (clone 
AT10). The excessive molecules were removed by washing. 
Next, PLB was blocked with 5% BSA in PBS at 37°C for 30 
min and washed thoroughly before usage.

Single-molecule imaging of FcγRIIB
To evaluate the Brownian motility of FcγRIIB variants with 
different TM domains, A20II1.6 B cells expressing YFP (or 
mEos3.2)-tagged FcγRIIB-I232, FcγRIIB-T232, or Fcγ-
RIIB-CD86-TM were imaged following a YFP-based sin-
gle-molecule imaging protocol (Xu et al., 2010). To image 
the Brownian motility of FcγRIIB on primary cells, B cells 
or monocytes from human peripheral blood mononuclear 
cells were labeled with an Alexa Fluor 647–conjugated Fab 
fragment of human FcγRIIB-specific mAb, ch2B6-N297Q, 

in combination with either FITC-conjugated anti-CD19 
or FITC-conjugated anti-CD14. The Brownian motility of 
IgM-BCR was performed by labeling the primary B cells 
with an Alexa Fluor 647–conjugated Fab fragment goat 
anti–human IgM Fc5μ. The cells were generally suspended 
in PBS with 1% FBS and were placed on coverslips that were 
coated with anti–MHC-I antibodies. Unless specifically indi-
cated, the single-molecule images were acquired by Olympus 
IX-81–based TIRF microscopy at 30°C with 5% CO2 sup-
plies following our published protocols (Tolar et al., 2009). In 
brief, a subregion including an intact cell contact area in the 
electron-multiplying charged-coupled device chip (512 × 
512 pixels) was used to achieve a recording rate of 20 ms per 
frame. Single FcγRIIB or BCRs were captured on 200 frames 
in streamline acquisition mode. Single-molecule tracking was 
performed using Matlab (Mathworks) code following our 
published protocols (Crocker and Grier, 1996; Douglass and 
Vale, 2008). MSD and short-range diffusion coefficients for 
each molecule trajectory (D0; based on time intervals of 20 
ms) were calculated from positional coordinates following our 
published protocols (Douglass and Vale, 2008). The MSD plot 
was mathematically fitted into a confined diffusion model by 
an exponential function to acquire the size of the confined 
area. PICS analysis was performed as described in detail in the 
Supplemental materials section of Xu et al. (2010).

PALM imaging of FcγRIIB on the 
plasma membrane of B cells
To acquire the PALM images of FcγRIIB at the quies-
cent state, A20II1.6 B cells expressing mEos3.2-tagged  
FcγRIIB-I232 or FγRIIB-I232T were placed on PLBs teth-
ering biotin-conjugated F(ab’)2 anti–mouse MHC-1 at 37°C 
with 5% CO2 supplies for 10 min before fixation with 4% 
paraformaldehyde. To acquire the PALM images of FcγRIIB 
at the activated state, A20II1.6 B cells expressing mEos3.2-
tagged FcγRIIB-I232 or FγRIIB-I232T were placed on 
PLBs tethering biotin-conjugated Alexa Fluor 647 goat IgG 
anti–mouse Igκ (SouthernBiotech) against both BCR and 
FcγRIIB. TIRF images were captured using a microscope 
(IX-81; Olympus) equipped with a TIRF port, electron- 
multiplying charged-coupled device camera (iXon + DU-
897D; Andor Technology), a 100× 1.49 NA objective TIRF 
lens (Olympus), and 405-, 488-, 561-, and 647-nm lasers 
(sapphire laser; Coherent). A continuous 405-nm laser with 
a 561-nm laser irradiation was used to convert the mEos3.2 
molecules. Acquisition was controlled by Metamorph soft-
ware (Molecular Devices) and with an exposure time of 30 ms.

In the analyses of PALM images, peaks in single- 
molecule images were first identified by using Insight3 soft-
ware that was provided by X. Zhuang (Harvard University, 
Cambridge, MA) and B. Huang (University of California, 
San Francisco, San Francisco, CA). Drift correction and su-
perresolution image reconstruction were done using cus-
tom-written Matlab scripts from Y. Sun (Peking University, 
Beijing, China). Ripley’s K-derived H function (Kiskowski 
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et al., 2009), quantification of the enrichment of FcγRIIB 
inside immune-complex microclusters, nanocluster size, and 
the number of nanoclusters were processed according to pro-
tocols previously described (Zhang et al., 2006; Owen et al., 
2010; Mattila et al., 2013).

Calcium influx measurement by flow cytometry
A20II1.6 expressing the same amount of YFP-tagged  
FcγRIIB-I232, FcγRIIB-T232, or FcγRIIB-TM-CD86 
was used for intercellular calcium influx measurement. In 
brief, the cells were incubated with a ratiometric indicator 
INDO-1 following the instructions and then suspended in 
HBSS buffer with 1% FBS and 1  mM Ca2+. Intracellular 
calcium flux was measured by flow cytometry (LSR​II; BD) 
stimulating with 5 µg/ml goat IgG or F(ab’)2 anti–mouse Igκ 
and analyzed by FlowJo software (Tree Star).

Calculation for the ratio of the cross-sectional area from 
the FcγRIIB-T232 TM helix to that from FcγRIIB-I232
As depicted in the illustrative diagram in Fig. 2 E, the TM do-
main of FcγRIIB is represented as a rectangle colored in gray, 
whereas the plasma membrane is colored in cyan with the 
borders indicated by black solid lines. The red solid bars rep-
resent the projections of the TM helices within the plane of 
the plasma membrane, which are equal to h × tan(α), where 
h is the thickness of the membrane (denoted as black dashed 
lines) and α is the tilting angle of a TM helix. By assuming 
that the TM helices are freely rotatable within the membrane 
and by neglecting the difference between the thickness of the 
membrane in the FcγRIIB-I232 and FcγRIIB-T232 systems, 
the cross-sectional area is supposed to be proportional to [h × 
tan(α)]2. According to the free energy calculations in this study, 
the FcγRIIB-I232 TM helix prefers the tilting orientation of 
13–18°, whereas the FcγRIIB-T232 TM helix is the most sta-
ble at the tilting angle of 35–40° (Fig. 6 J). Therefore, the ratio 
of cross-sectional area from the FcγRIIB-T232 TM helix to 
that from the FcγRIIB-I232 shall fall in the interval between 
[tan(35°)/tan(18°)]2 and [tan(40°)/tan(13°)]2 or [4.6, 13.2].

Online supplemental material
Fig. S1 shows the MD simulation strategy for the TM do-
main helix of FcγRIIB-I232 or FcγRIIB-T232 in the POPC 
bilayer. Fig. S2 shows the preparation of TM peptides for 
the NMR spectrum. Videos 1 and 2 are representative vid-
eos indicating the dynamic recovery of FcγRIIB-I232 or  
FcγRIIB-T232 within the photobleached area on the plasma 
membrane of A20II1.6 B cells. Videos 3 and 4 are representa-
tive videos indicating the dynamic recovery of FcγRIIB-I232 
or FcγRIIB-T232 within the photobleached area on the 
top flat area of the plasma membrane of ST486 human  
B cells. Videos 5 and 6 are representative videos indicating the 
SPT of FcγRIIB-I232 or FcγRIIB-T232 molecules on the 
plasma membrane of ST486 human B cells. Videos 7 and 8 
are representative videos of the trajectory of FcγRIIB-I232 or  
FcγRIIB-T232 TM helices in POPC.
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