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Probing biomolecular motion beyond a single nucleotide is 

technically challenging but fundamentally significant. We have 

developed super-resolution force spectroscopy (SURFS) with 0.5 

pN force resolution, and revealed that the ribosome moves by 

half a nucleotide upon the formation of the pre-translocation 

complex, which is beyond the resolution of other techniques. 

Nucleic acids play important roles in a wide range of biological 

functions.
1
 For example, the translocation of mRNA through 

the ribosome is a critical step for protein synthesis, in which 

every three nucleotides (nt) form one codon that decodes for 

one amino acid.
2,3

 Investigating the translocation mechanism, 

or many other processes involving nucleic acids, would prefer 

directly monitoring the molecular motion with beyond single-

nt precision. This is equivalent to ~0.2 nm spatial resolution 

because the backbone length between adjacent riboses is 

about 0.4 nm.
1
 Structural techniques, mainly x-ray 

crystallography and cryo electron microscopy, typically have 

the resolution of a few angstroms, which limits the 

observation of sub-nt differences.
4,5

 Both sequence- and 

fluorescence-based modalities have not been able to provide 

single-nt precision.
6-8

 Consequently, single-nt displacement is 

generally considered as the minimum step for ribosome 

translocation and other translocations in general.
9
 

 In the field of force spectroscopy, several different 

methods have been developed to provide single-nt resolution 

and applied to study molecular motors. Examples include 

atomic force microscopy and optical tweezers.
10,11

 Recently we 

have reported using force-induced remnant magnetization 

spectroscopy (FIRMS) to measure the ribosome translocation 

at three consecutive codons.
12

 With force resolution of 2-4 pN, 

we have revealed single-nt resolution in ribosomal motion. 

However, no force-based methods have reached resolution 

sufficient for revealing sub-nt differences, including two 

previous work using ultrasound.
13,14

 

 Here, we show the super-resolution force spectroscopy 

(SURFS) technique with 0.5 pN resolution, by combining 

accurate ultrasound radiation and an automated atomic 

magnetometer. It distinguishes nucleic acid duplexes with less 

than one basepair (bp) difference, thus offering sub-nt 

resolution. We have observed sub-nt mRNA translocation in 

the ribosome and further studied the related mechanism. 

Fig. 1. Principle of SURFS. a) Generation of precise acoustic 

radiation force. b) The molecular system. The ribosome 

complex (purple and green) was immobilized through its 

mRNA; the probing DNA conjugated with a magnetic particle 

forms a duplex with the exposed mRNA. c) Overall apparatus. 

1, motor; 2, ultrasound setup; 3, magnetic shield housing the 

atomic magnetometer; 4, laser for the atomic magnetometer. 
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different magnetic field profiles obtained by SURFS using P12. 

c) The overlapping magnetic field profiles obtained using 

SURFS using P11. d) Manipulation of the ribosomal motion 

using antibiotics. Puro: puromycin; spec: spectinomycin. The 

dashed lines indicate steps of approximately half a nucleotide. 

 

 When the Pre was incubated with spectinomycin, two 

distinct features were observed. The first one was at 0.170 V 

and the second one at 0.185 V. The two features were well 

resolved. The former was nearly identical as the result in Post, 

indicating that this binding mode of spectinomycin resets the 

head swivel of the 30S back to its classical position. This is 

consistent with structural studies in that spectinomycin binds 

on the second hinge of the 30S neck, thereby prohibiting the 

head swivel.
28,29

 There are two possibilities for the stronger 

force at 0.185 V (36.2 pN): one due to a possible unidentified 

ribosome motion in the literature, and the other due to the 

direct binding between mRNA and the probing DNA. In other 

words, for the latter case spectinomycin acts as a drug binding 

with the DNA-mRNA duplex. We have measured the 

dissociation voltages for the duplex without the ribosome, in 

the absence and presence of spectinomycin (Supplementary 

Fig. S6). No difference was observed in between the two cases. 

Therefore, the feature at 36.2 pN probably indicates a second 

binding mode of spectinomycin onto the ribosome, causing 

the mRNA to bind with the probing DNA stronger by nearly 

half a nucleotide, or on the order of a single hydrogen bond. 

 In conclusion, we developed the SURFS technique with 0.5 

pN resolution, which was sufficient to reveal sub-nt resolution 

in biomolecular motion. We revealed that from the Post state 

to the subsequent Pre state, the ribosome moves 

spontanesouly by nearly half a nt, which has not been 

observed using other techniques. This motion correlates well 

with structural studies. In addition, a new binding mode for 

spectinomycin was identified. Our technique is complementary 

to x-ray crystallography for mechanistic studies of the 

ribosome, because we use robust and unbiased probes to 

provide precise local conformational changes. More 

intermediate states may be identified in ribosomal translation, 

which are currently challenging or controversial for other 

techniques.
30-33

 In addition, other biological motors, such as 

RNA and DNA polymerases, can also be investigated. The sub-

nt resolution will be valuable for revealing transcription fidelity 

of RNA polymerase, for which only single-nt stepping and 

pausing have been reported.
34
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