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ADAPTIVE IMMUNITY – ANTIBODY STRUCTURE

1 trillion possibilities!
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JUNCTIONAL DIVERSITY CREATES ENORMOUS DIVERSITY

1 trillion possibilities!

Boyd etal Microbiology Spectrum 2014



SOMATIC HYPERMUTATION TUNES DIVERSITY

1 trillion possibilities!



SOMATIC HYPERMUTATION TUNES DIVERSITY

1 trillion possibilities!

Liu M et al Trends in Immunology 2009



SOMATIC HYPERMUTATION TUNES DIVERSITY

1 trillion possibilities!

Liu M et al Trends in Immunology 2009
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PASSIVE IMMUNITY FOR SARS-COV-2 
Convalescent Plasma

- FDA EUA (8/23) for hospitalized patients with COVID-19
- NIH panel: insufficient data to recommend use
- Unclear safety, non-standardized protocols for titer
- Need prospective randomized trials

Monoclonal antibodies

=

- Multiple candidates in clinical trials
- Intravenous dosing for treatment or prophylaxis
- Require large doses for prophylactic use (50 mg/kg)
- Expensive production

Identify 
neutralizing 

antibody

Manufacture
at scale



AN ALTERNATIVE APPROACH TO PASSIVE IMMUNITY

Advantages:
- Self administered
- Direct delivery to site 

of early infection

Challenges:
- Ultrastable protein 

required
- Pharmacokinetics?



NANOBODIES VS. MONOCLONAL ANTIBODIES
NanobodyConventional Antibody

Heavy chain

Light chain

Constant
(Fc)

- Small (15 kDa), single chain protein
- Ultra-stable
- Non-glycosylated
- Similar to human antibody heavy chains
- Ease and low expense of rapid mass 

production
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NANOBODIES – MINIMIZED ANTIBODIES FROM CAMELIDS



A RAPID PLATFORM FOR NANOBODY DISCOVERY
1. Bioinformatic analysis of natural 
camelid repertoire

2. Synthesis of precision library 

3. Rapid selections from large libraries
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FULL SPIKE ECTODOMAIN FOR NANOBODY DISCOVERY

Spike

ACE2
ReceptorReceptor Binding 

Domain (RBD)



UNDERSTANDING BINDING

R binds L to make RL

At equilibrium (Ka), forward 
and reverse reactions are equal
If things bind tight: more RL, 
less R and L. 
Rate forward (kon) is faster than 
rate backward (koff)



PROTEIN INTERACTIONS BY SURFACE PLASMON RESONANCE 



KD: 44 nM
ka: 2.7x105 M-1s-1
kd: 0.012 s-1

PROTEIN INTERACTIONS BY SURFACE PLASMON RESONANCE 

(ACE2)
(Spike)



FINDING NANOBODIES THAT BLOCK ACE2
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STRUCTURES OF ANTI-SPIKE NANOBODIES
Live-virus Neutralization



AFFINITY MATURATION OF NB6

RBD2

AeroNab6

Mutations in 
antigen binding 
loop 3 (CDR 3)

Mutations in 
antigen binding 
loos 1 and 2 (CDR 1 
and 2)

“CDR” = Complementarity-Determining 
Regions in AeroNab

KD:  210 nM
Nb6

KD:  0.45 nM

mNb6

500x

2 mutations
(CDR1: I27Y
(CDR3: P105Y)



AFFINITY MATURATION OF NB6



AFFINITY MATURATION OF NB6
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NEUTRALIZATION ACTIIVTY OF DESIGNED NANOBODIES 

Nb6 (5500 nM; 70 µg/mL)
Nb6-tri (0.2 nM; 7.6 ng/mL)

mNb6 (17 nM; 215 ng/mL)
mNb6-tri (0.03 nM; 1.1 ng/mL)

hmNb6-tri (0.05 nM; 2.0 ng/mL)



LOOP CONFORMATIONAL PLASTICITY

2 different conformations!

Davenport TM et al Structure 2016

Bound vs unbound mNb6: The usual case with antibodies:

Maturation rigidifies loops



PROTEIN DYNAMICS SHAPES ANTIBODY FUNCTION

Thorpe I et al PNAS 2007

Transitions between tier-0 states are rare, however, owing to the low 
probability of the conformation that allows transition. Dynamics on 
this timescale have received much attention recently, because many 
biological processes — including enzyme catalysis, signal transduction 
and protein–protein interactions — occur on this timescale. Owing 
to the relatively long lifetimes of each state, these individual states can 
either be observed directly or be trapped experimentally. Moreover, 
the kinetics of interconversion of these states can also be detected. 
In this section, we discuss what has been learned about dynamics 
on slow timescales from experimental atomic-resolution methods, 
experimental low-resolution and local-site methods, and computa-
tional methods.

Experimental atomic-resolution methods
Ideally, researchers would like to determine both the structures of the 
tier-0 substates and their rates of interconversion. X-ray crystallography, 
nuclear magnetic resonance (NMR) spectroscopy, cryo-electron 
microscopy and small-angle X-ray scattering provide atomic-resolution 
or near-atomic-resolution snapshots of tier-0 substates. For high-reso-
lution X-ray crystallography, a homogeneous crystal is needed. Con-
sequently, substates need to be trapped through biochemical ‘tricks’, or 
the reaction needs to be synchronized across the entire crystal19. These 
ideas are nicely illustrated by the crystallographic characterization of 
intermediates in the cytochrome P450 enzymatic cycle20.

The requirement for a homogeneous crystal is relieved when using 
cryo-electron microscopy and small-angle X-ray scattering, making it 
possible to determine the structural ensemble directly, in the experimen-
tal conditions, although with lower resolution. However, these methods 
cannot characterize the timescales of interconversion. Usually, this struc-
tural information is linked to kinetic data obtained from low-resolution 
spectroscopic methods (discussed in the next subsection, Experimental 
low-resolution and local-site methods). In specialized circumstances, 
both structures and kinetics can be determined simultaneously by using 
Laue X-ray diffraction19. In addition, hydrogen–deuterium exchange, 
analysed by either mass spectrometry or NMR spectroscopy, provides 
a particularly powerful way to detect global or local unfolding on 
timescales of milliseconds and longer21,22.

The clear advantage of NMR methods is that they deliver the timescale 
of transitions, together with atomic resolution. Dynamic information 
is extracted from relaxation of nuclei after excitation, using a variety of 
NMR experiments to span dynamics on timescales from picoseconds to 
seconds and to assess several types of nucleus (1H, 2H, 13C and 15N) site 
specifically23–25. Importantly, the dynamics can be followed in solution in 
steady-state conditions26. This is in contrast to most other spectroscopic 
methods, which require perturbation to measure kinetics. NMR experi-
ments have traditionally been limited to small, soluble proteins. How-
ever, modern spectrometer technology (such as high magnetic fields and 
cryoprobes) and new NMR pulse sequences have pushed the size limit 
upward, making it possible to study proteins of up to 100 kDa and even 
up to the size of the ribosome, depending on the system and question 
of interest27–33.

The NMR timescale for conformational exchange is defined by 
its rate (kex, the sum of the forward and reverse rates) relative to the 
chemical-shift timescale (∆ω, the difference in chemical shift of the 
interconverting species). Interconversion is slow on the NMR timescale 
when kex < ∆ω, fast when kex > ∆ω, and intermediate when kex ≈ ∆ω 
(ref. 25). For a slow exchange rate, the substates are observed as distinct 
peaks in the spectrum, allowing direct structural characterization. The 
relative populations of the substates (pA and pB) are obtained from the 
relative peak integrals, and exchange rates from one-tenth of a second to 
tens of seconds can be measured by nuclear Överhauser enhancement 
spectroscopy (NOESY) and ZZ-exchange spectroscopy24. By contrast, 
at intermediate and fast exchange rates, a single population-averaged 
signal is obtained. Microsecond-to-millisecond dynamics cause addi-
tional line broadening of this signal by an amount, Rex, that contributes 
to the measured overall transverse relaxation rate (R2eff). Specialized 
relaxation dispersion experiments24,25,34 have been developed, allowing 

determination of kex (kinetics), pA and pB (thermodynamics) and ∆ω 
(structure) from the dependence of Rex on an applied effective magnetic 
field (νCPMG) (Fig. 2a).

Using these dispersion experiments, the protein dynamics in an 
enzyme during catalysis have been measured, for cyclophilin A 
(CYPA)35,36 (Fig. 2). CYPA catalyses the reversible cis–trans isomerization 
of prolyl peptide bonds. It was originally identified as the target of the 
immunosuppressive drug cyclosporin A37,38. Since then, peptidylprolyl 
isomerases have emerged as important regulators of various biological 
processes. For such a reversible enzyme, catalysis can be maintained 
indefinitely in the sample tube by simply adding the substrate(s)26. 
Quantitative analysis of the NMR dispersion experiments on CYPA34,39,40 
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Figure 1 | The energy landscape defines the amplitude and timescale of 
protein motions. a, One-dimensional cross-section through the high-
dimensional energy landscape of a protein showing the hierarchy of protein 
dynamics and the energy barriers. Each tier is classified following the 
description introduced by Frauenfelder and co-workers93. A state is defined 
as a minimum in the energy surface, whereas a transition state is the 
maximum between the wells. The populations of the tier-0 states A and B 
(pA, pB) are defined as Boltzmann distributions based on their difference in 
free energy (∆GAB). The barrier between these states (∆G‡) determines the 
rate of interconversion (k). Lower tiers describe faster fluctuations between 
a large number of closely related substates within each tier-0 state. A change 
in the system will alter the energy landscape (from dark blue to light blue, 
or vice versa). For example, ligand binding, protein mutation and changes 
in external conditions shift the equilibrium between states. b, Timescale 
of dynamic processes in proteins and the experimental methods that can 
detect fluctuations on each timescale. 
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RECAP and “Mini-Quals”
Normally, antibody affinity maturation leads to conformational 
rigidification of loops (decreased entropic penalty for binding)

We engineered an initial nanobody against Spike (Nb6)
- Failed to get good quality crystals (maybe too flexible?)
- Got cryo-EM structure with Spike 

We affinity matured to get mNb6 (500x increase in potency with only 2 
mutations!)

- Cryo-EM structure shows some improved contacts, probably not      
sufficient to explain 500x gain

- Crystal structure of unbound mNb6 shows huge loop conformational 
differences, contrary to ”conventional wisdom” for affinity maturation 
of antibodies

Question: Are loop conformational dynamics a key driver of exceptional
potency gain from Nb6 to mNb6?

mNb6Nb6

Spike

Maturation

Binding



“Mini-Quals”
Question: Are loop conformational dynamics a key driver of exceptional potency gain 
from Nb6 to mNb6?

1) How ”rigidified” are these loops in the bound state?
• Refine our EM structures – how confident are we in the loop conformations 

modeled?
• Use NMR to see if Nb6 and mNb6 really bind in the same way in solution.

2)   How much disorder is there in the unbound states?
• How confident are we in our X-ray structure of mNb6 – are there regions that are 

dynamic? How can we estimate disorder?
• Can we see other conformation of mNb6 loops in other X-ray structures?
• Are there differences in loop conformations between Nb6 and mNb6 by NMR? 

Can we quantify these motions?


