Reviewers' comments:
Reviewer #1 (Remarks to the Author):

see attached file

Reviewer #2 (Remarks to the Author):

In this manuscript titled “Electro-osmotic Capture and Ionic Discrimination of Peptide and Protein
Biomarkers with FraC Nanopores”, the authors report a FraC nanopore -based approach for the
identification and distinguishing of homologous peptides and proteins. FraC was engineered to
generate strong EOF to attract the proteins into the pore lumen. Using EOF as the driving force makes
it a versatile method for analyzing proteins carrying different surface charge. Five protein analytes
ranging from 1.3 kDa to 25 kDa were investigated. They generated distinct ionic current blockades for
identification with FraC. Particularly FraC was shown to resolve endothelin proteins with just a single
amino acid variation. This is a well conducted work, where a new biological nanopore is introduced for
protein identification with high resolution. The manuscript is clearly written and enjoyable to read. I
recommend the publication of this work in Nature communication with minor revision.

The minor issues are the following:

Page 5 line 102: “Since the constriction of ClyA is lined with aspartic acid” the ClyA should be FraC. In
the SI, page 17 line 220: The same mistake

Page 5 line 105: “"Simultaneously, a less negative endothelin 1 would also migrate more easily towards
the trans electrode under”. Simultaneously? It is unclear to me. Please reword this sentence.

Page 18, figure 4b: please highlight the residue F14 of ET-1 and E14 of ET-2 to make it easier for
readers to spot the difference between the two peptides.

Reviewer #3 (Remarks to the Author):

This manuscript by Huang et al explores the use of a biological nanopore protein, FraC, for the
detection of seven peptide and small protein biomarkers. The authors establish experimental
conditions that take advantage of electroosmotic flow to move all the analytes into the conically
shaped constriction of the pore leading to biomarker-specific current blockades and residence times.
The most compelling result with regard to biomarker analysis is that the 21 amino acid peptide
endothelin 1 can be distinguished from endothelin 2, which differs only by replacement of two amino
acids (not one as stated by the authors). This is an impressive and inspiring resultin the sense that
even small differences are detectable. The authors are, however, also demonstrating that in the case
of another peptide, angiotensin I with 10 amino acids, cannot be distinguished from angiotensin II,
which is missing the last two amino acids of angiotensin I. The authors also presentinteresting insight
into the electrostatics and electroosmotic flow in both wild type FraC pores (WtFraC) with a
predominantly negatively charged pore constriction and in a mutant (ReFraC) with a predominantly
positively charged pore constriction. The authors show that these two pores generate electroosmotic
flow in opposing directions if the polarity of the applied potential difference is kept constant. Finally,
the authors conducted a thorough characterization of the behavior of the different biomarkers in the
vestibule of the pore. Based on residence time as a function of applied potential difference, the
authors present evidence for two different cases: A first case in which small proteins and large
peptides exit the pore from the same side as they entered irrespective of the magnitude of the applied
potential and a second case, in which small peptides translocate through the pores at sufficiently high
potential differences. Importantly, WtFraC induced electroosmotic flow from the large vestibule side of



the pore to its narrow constriction even at pH 4.5. At this pH the biomarkers were either positively
charged or only slightly negatively charged, such that EOF dominated and delivered all biomarkers
into the pore for detection.

Altogether this manuscript presents interesting results with substantial data supporting the claims and
conclusions. The data is of high quality, the study is very well done and convincing. The figures,
structures, and cartoons are outstanding in clarity and appeal. The work is a significant contribution to
the analysis of peptides, small proteins, and biomarkers to the growing nanopore field.

Comments:

The last sentence of the abstract is unclear, confusing, and misleading. Only a subset of very small
proteins or peptides examined here translocated through the pores, others didn't. Reading the entire
manuscript one is not left with the sense that a "general rationale" is being presented. The authors
either have to explain better what they mean, make more convincing arguments for this statement, or
simply rewrite the concluding statement altogether.

The sentence ending in line 51 needs a reference(s).

Line 62 to 64: It appears that if the authors would have chosen a slightly more acidic pH, such as pH
4.0, the condition that they say can not be achieved might actually have been achieved -- unless the
authors know that at pH 4.0 the direction of WtFraC is reversed compared to pH 4.5.

For a high profile journal such as Nature Communications, the "writing" of this manuscript could be
improved, both on the sentence level and the "storytelling" level. Early in the results section the text
is hard to read because it presents detail that appears at times redundant with the figures or could
possibly be put better in context rather than stating quantitative values (for instance in lines 124 to
136 as well as on the previous page). For this reason, the manuscript seems to lose the plot at times.

In both the introduction and the discussion, there seems to be a fixation on protein sequencing that
doesn't seem particularly relevant, given that this paper makes no effort to sequence the analytes.
Possibly move the speculation about FraC possible usefulness for protein sequencing towards the end
of the discussion and discuss better why the authors feel that it may be an excellent pore for that
(which it may well be but which will have to be demonstrated).

The authors should discuss whether the concentrations of biomarkers that they demonstrated for their
experiments are in the relevant physiological and pathophysiological range for these biomarkers. The
authors should also touch on possible anticipated challenges when applying this approach to
biomarker detection in relevant biofluids.

Line 126: What do the authors mean by "...the blockades...became homogeneous..."?
The large body of interesting results presented in Figure 3 should be discussed in more detail. For
instance, the results on kon rates for different peptides are scarcely discussed and put into context.

What is their relevance?

The "reversal potential" label above Fig. 2b is confusing, as "reversal potential" refers only to the x-
intercept of those curves.

Just a suggestion: Wouldn't the graphs in Fig. 3 better convey the point that dwell time, Ires%, and
kon are potential fingerprinting parameters if they all had the same axes, even if it's worse from a



data presentation perspective?

First sentence in the conclusion: Mention that detection of single biomarkers in pure buffer solutions is
possible and shows differences between peptides and in a binary mixture entdothelin I and II could be
distinguished rather than a general statement that may imply that these biomarkers may be
distinguishable in a mixture of all of them (or leave the sentence as is and show this capability).

The last sentence in the conclusion appears too strong "...it is likely...". Consider, "...it may be
possible..."



Referee report manuscript NCOMMS-17-08137

The manuscript “Electro-Osmotic Capture and lonic Discrimination of Peptide and Protein
Biomarkers with FraC Nanopores” by Huang et al describes the detection of peptide and protein
biomarkers from 25 kDa down to 1.2 kDa using protein channels, Fragaceatoxin C (Frac C) and
a modified recombinant nanopore (D10R, K159E FraC (ReFraC) with arginine residues at the
constriction. The capture of peptides and proteins is well controlled by the electro-osmotic flow
according to the electrostatic distribution inside the 2 channels and the ion selectivity of the
nanopores as a function of pH. The characterization of each protein and peptide as a biomarker
model is shown with a specific electrical signature of the dwell time and by the normalized
current blockade (Ires%, defined as (IB/10)*100). Peptides, Endothelin 1 and 2 that differ just by

one tryptophan residue are detected by current traces.

The manuscript is interesting to scientists in the nanopore and protein field but also to people in
confined medium dynamics field. In the future, the possibility to detect few copies of protein
biomarkers in body fluids is a real challenge but also a societal issue for medical biology and
biotechnology. The work of Huang et al could be the start of this challenge and societal issue.

The manuscript is clearly written. Experiments, data analysis, statistical analysis and simulations
are well performed. The experiments could be reproduced.

However, state of the art, novelty according to previous papers, data discussion and new
experiments recommendations should be addressed.

Recommendation: reconsider after major revisions

-State of the art and Novelty

Previous studies have been performed, by several groups, to detect a wide range of proteins of
different molecular masses, with glass nanopores from 12 kDa to 480 kDa, (Steinbock et al,
Nanoscale, 2014; Li et al, ACS Nano, 2016) or with solid-state nanopores coated with lipids
(Yusko et al, 2016, Nat Nanotech). The pH variation on the net charge of the protein was studied
by showing a change in the translocation direction (Steinbock et al, Nanoscale, 2014). Recently,

numerous proteins have been detected and their conformational changes with solid-state



nanopores with a balance of electro-osmotic flow and electrophoresis (Waduge et al, ACS Nano,
2017).

Could you please had these references and introduce the main results.

You must discuss deeply the significant input of your work according to the previous papers
(what is new, discrimination power of protein in molecular masses, threshold concentration of
detection, applicable for other proteins or peptides, characterization of single amino-acid

mutation....).

L67. “Nanopores with a large diameter revealed that globular proteins might translocate too

quickly ..if the diffusion of the protein ... ionic current blockades can be used to identify proteins”.

Could you add the reference “Oukhaled et al, 2011, ACS Nano” and “Balme et al, 2016,
Langmuir”. In the presence of interactions between the nanopore surface (solid-state) and
proteins, the dynamic is slowed down and the proteins can be detected (MBP, avidin, lysozyme,
and 1gG).

Results and discussion

- Peptide and protein capture with FraC nanopores

Fig1. “Representative traces induced by 1 uM 326 endothelin 1 (b) and 200 nM chymotrypsin
().

The concentrations used in these experiments are very high in comparison to the goal of this
manuscript, detection of biomarkers; it means few dozen or few hundred of molecules. What is

the threshold concentration in your sep-up?

It will be very interesting to add a titration curve for one or 2 proteins, event frequency as a

function of concentration.



- lon selectivity and electrostatic potential of FraC nanopores.

L140. “To gain a better insight into the influence of pH on the electrostatic environment inside
FraC 141 nanopores, we used the Adaptive Poisson-Boltzmann Solver (APBS)46 and a
modified version 142 of the PDB2PQR software47”

“The resulting PQR files were used for solving the Poisson-Boltzmann equation with APBS” (sup
material)

For a journal of broad audience, you must introduce clearly the physical concept, the equation
and methodology used.

| have several questions:

*What is the geometry used to solve the Poisson-Boltzmann equation?

*Why Adaptive Poisson-Boltzmann solver?

*What is the electroosmotic velocity through FraC nanopores?

*|s there a limit in protein size (KDa) where the EOF cannot overcome the electrophoretic force?

*What is the general condition for a protein to be captured by EOF into a protein channel?

-Near-isomeric polypeptide discrimination and Folded proteins may translocate FraC nanopores
by deforming the transmembrane region of the nanopore.

*Figure 3. What are the fit used for the dwell times as a function of V?

“Together, these findings suggest that the transmembrane region of the nanopore deforms
during the translocation of folded 32-microgobulin molecules”

*If the transmembrane region of the nanopore deforms during the translocation of folded (2-
microgobulin, why does the Ires remain constant as a function of V? A deformation could alter
the pore diameter and the ratio of protein/pore volume.

*What is the mechanism of channel deformation?

L261. Interestingly, the Ires% of endothelin 1 increased with the applied potential, suggesting
that this polypeptide may be stretched by the increased EOF through the nanopore.

-Could you please discuss why the polypeptide is completely stretched inside the channel?
-Could you please cite papers already showing this phenomenon with protein or polypeptide
chains that are stretched under the applied voltage (Cressiot et al, 2012, ACS Nano; Freedman
et al, 2013, Sci Rep.).



-New experiments to perform

*The Protein-channel Interactions (electrostatic...) are crucial for the capture and for the
detection of peptides and proteins within the nanopore. | recommend evaluating the kinetic rate

constant and the constant of association/dissociation for the different protein biomarkers.

*| recommend performing a new experiment with a mix of different proteins in order to show the

power of discrimination of this protein sensor under EOF driving force.



Reviewer #1 (Remarks to the Author):

The manuscript “Electro-Osmotic Capture and lonic Discrimination of Peptide and Protein Biomarkers with FraCNanopores” by
Huangetal describes the detection of peptide and protein biomarkers from 25 kDa downto 1.2 kDa using proteinchannels,
FragaceatoxinC (Frac C) and a modified recombinant nanopore (D10R, K159E FraC (ReFraC) with arginineresidues at the
constriction. The capture of peptides and proteins is well controlled by the electro-osmotic flow accordingto the el ectrostatic
distributioninside the 2 channels and theionselectivity of the nanopores as a function of pH. The characterizationof each
protein andpeptideasa biomarker model is shownwith a specific el ectrical signature of the dwell time and by the normalized
currentblockade (Ires%, defined as (1B/10)*100). Peptides, Endothelin1 and 2 that differ just by onetryptophan residue are
detected by currenttraces. The manuscriptis interesting to scientists inthe nanopore and protein field butalso to peoplein
confinedmedium dynamics field. In the future, the possibility to detect few copies of proteinbiomarkers in bodyfluidsis a real
challengebutalso a societal i ssue for medical biology and biotechnology. The work of Huang etal could be the start of this
challengeandsocietal issue. The manuscriptis clearly written. Experiments, data analysis, statistical analysisandsimulations are
well performed. The experiments could be reproduced. However, state of the art, novelty accordingto previous papers, data
discussion and new experiments recommendations shouldbe addressed.

Recommendation: reconsider after major revisions

Wethank the reviewer for the positive assessment.

-State of the artand Novelty

Previous studies have been performed, by several groups, to detect a wide range of proteins of different molecular masses, with
glassnanopores from 12 kDa to 480kDa, (Steinbock etal, Nanoscale, 2014; Li etal, ACS Nano, 2016) or with solid-state
nanopores coated withlipids (Yuskoetal, 2016, Nat Nanotech). The pH variation on the net charge of the protein was studied by
showinga changein thetranslocationdirection (Steinbock etal, Nanoscale, 2014). Recently, numerous proteins have been
detected and their conformational changes with solid-state nanopores with a balance of el ectro-osmotic flow and
electrophoresis (Waduge etal, ACS Nano,2017).

Could you please hadthesereferences andintroduce the mainresults.

Weadded thereferences suggested by thereviewers. We assume Li etal, ACS Nano 2016 refersto Li etal., ACS Nano 2013
(PMID:23607870)

You mustdiscussdeeplythesignificant input of your work according to the previous papers (whatis new, discrimination power
of protein in molecular masses, threshold concentration of detection, applicable for other proteins or peptides, characterization
of singleamino-acid mutation....).

We haveadded an extensive discussion on the point raised by the reviewer throughout the manuscript.

Intheintroduction we have reviewed the achievements of solid-state nanopores andglass pipettes, whichsampled large
proteins. Wealso havereferred to other work where small differences in proteins areidentified. In the discussionwe have
examined theissue of low-abundance protein and the limits of this technology.

Itshouldbe noticed, however, that the mainfocus of this manuscript lies in the ability of nanopores to recognize different
biomarkers especially small polypeptides (<12 kD) andin the engineering of the nanopore to capture andtranslocate the
polypeptide analytes. We have therefore extensively discussed the literature regarding these points.

L67.“Nanopores witha large diameter revealed thatglobular proteins mighttranslocate too quickly. if the diffusion of the
protein ...ioniccurrentblockades canbe used to identify proteins”. Could youaddthereference “Oukhaled etal, 2011, ACS
Nano”and “Balmeetal, 2016, Langmuir”. In the presence of interactions between the nanopore surface (solid-state) and
proteins, thedynamicis slowed down and the proteins canbe detected (MBP, avidin, lysozyme, and IgG).

Weadded both references and comments in the text.

Results anddiscussion

- Peptide and protein capture with FraC nanopores

Figl. “Representative tracesinduced by 1 uM 326 endothelin 1 (b) and 200 nM chymotrypsin(c).

The concentrations used inthese experiments are very highincomparison to the goal of this manuscript, detection of
biomarkers; it means few dozen or few hundred of molecules. Whatis the threshold concentration inyoursep-up?

Itwill beveryinterestingto adda titration curve for one or 2 proteins, event frequencyas a function of concentration.
Werealizethatthe concentration of many biomarkers inbiological fluids is lowerthanthe concentrations sampled here. We did
notinitially discuss this issue because the goal of this manuscriptis to demonstrate the potential of the FraC nanopores to
discriminate amongproteinaceous biomarkers. To answer the reviewer, in the final implementation, itis likely that targeted
biomarkers will be either purified or enriched prioranalysisasitis standard with most proteomictechniques. As for the
threshold concentration for detection, thereader cancalculateit based on the capture frequency of every biomarker, which is
givenin Figure 3. For example, assumingthatatleast 100 events arerecorded for eachanalyte, and the experimentcan be



performed over 1000seconds (about 15 minutes), the threshold corresponds to a frequency of 0.1 events per seconds. From the
graphin Fig. 3 the concentrationthreshold limitvaries from~10nM (endothelin1) to 1 nM (EGF).

However, we think the pointraised by thereview is valid and we have now discussed thisissueinthe manuscript (second
paragraph, discussion).

- lon selectivity and el ectrostatic potential of FraCnanopores.

L140. “To gain a better insightinto theinfluence of pH on the el ectrostatic environmentinside FraC 141 nanopores, we used the
Adaptive Poisson-BoltzmannSolver (APBS)46 and a modified version 142 of the PDB2PQR software47”

“The resulting PQR files were used for solving the Poisson-Boltzmann equation with APBS” (sup material)

For a journal of broadaudience, you mustintroduce clearly the physical concept, the equation and methodologyused.

I haveseveral questions:

*Whatis the geometry usedto solve the Poisson-Boltzmann equation?
APBS solves the PB equationin the following form:

V- [e@)V(@)] + k(r)~2sinh(p () = p/ ()

A lipid bilayer mimicwas added inthese mapsin the form of a dielectricslab (€ = 2), inaccessible for mobileions, with the C-
program ‘draw_membrane2’ (included as a tool with APBS). This software reads indielectric, ion-accessibility and charge maps
produced by APBS and modifies themto include a solid dielectric slab with controllable thickness, position and central opening
to accommaodate for transmembrane pores. The domain occupied by the lipid bilayer was givena dielectricconstantof 2 andan
ion-accessibility of 0.
The geometry for the dielectric constantis based on the molecular surface of the solute, where the bulk electrolyte region

(€ = 80)is defined as the unionof spheres witha given solventradius (R = 1.4 A) that do not overlap with any soluteatoms.
The complement of this domainis assigned the solute dielectricconstant (¢ = 10). Asimilarapproach is used to determine the
ion-accessibility, with the difference that the radiiof all solute atoms areincreased with the given radius mobileion radius

(R =2.0 A). Themobileions areassigned full accessibility (k = 1) in the bulkelectrolyte and no accessibility (k. = 0) with the
solute domain defined for the dielectric constant. To reduce sensitivity to the grid setup, all grid values are harmonically
averaged over 9 adjacent grid points (doi: 10.1002/(SICl)1096-987X(19970130)18:2<268::AID-JCC11>3.0.CO;2-E). Atomic partial
charges are mapped onto nearest- and next-nearest-neighbor grid points by cubic B-spline discretization (p/ (r)).

We havespecified theseissuesin methods.

*Why Adaptive Poisson-Boltzmann solver?

The purpose of the simulations in this work is to gain a qualitative insightinto the different el ectrostatic potential distributions
for WtFraCand ReFraCatpH 4.5 and 7.5. We opted for APBS to tackle this problem dueto its robustness, speed and ease of use.
While calculating the el ectrostatics using explicit solvent Poisson-Boltzmann methodology would likely be more accurate, the
increased complexity of the model would resultin a muchhigher computationalcost.

*Whatis the electroosmoticvel ocity through FraC nanopores?
We have calculated the electroosmotic vel ocities withinthe nanopore and added to manuscript ( Supplementary Table 1).

*|s therea limitin protein size (KDa) where the EOF cannot overcome the electrophoreticforce?

For larger proteins, itseems the electroosmotic force hasa moredominantrolethanthe electrophoreticforce. However,
protein surface charges andthe mass/charge of a protein likely play also a rolein their capture whichis why thereis probably no
universal proteinsize limit. Within the tested biomarkers, selected over a wide range of sizes, we have foundno limitation yet.
However, itis notlikely that highly negatively charged proteins will translocate against the el ectrophoretic force. The
introductionof unnatural amino acids at the nanopore constrictionmight be necessary to induce an electro-osmoticflowat pH
lower than 4.0. Undersuch pH the negatively charged amino acids will become neutral and the EOF will likelydrive translocation
acrossthenanopore.

The force exerted by an electricalfield on a charged spherical particle canbe approximated by F,,, = qE~q% ,whereF,, isthe

electricforce, q thecharge of the particleand E theelectrical fieldinthe pore, defined as the applied bias voltage (/) divided by
the length of the pore (l). At 100 mV bias, the voltagedropin the 10 nmlong channel of a FraC nanopore wouldresultinan
electrical fieldof ~10 mV/nm, yielding a force of ~1.6 pN per elementary charge. Note that this is only a rough estimate, as it
does notconsider the chargeandshape of the nanopore. Further, this shouldalsobe considered as an upper limit, since work
with single stranded DNAand aHLnanopores revealedforces on the order of ~0.3 pN per charge under 100 mV (i.e.~10 pN on
~20basesat+160mV, DOI:10.1088/0957-4484/26/8/084002) most likely due to the screening by counterions (doi: DOI:
10.1103/PhysRevLett.85.3057). The maximum force which canbe exerted by the electroosmotic flow can be approximated using
Stokes’ law: F,, = 6mnrv, where F,, is the electro-osmoticforce, 7 is the dynamic viscosity of water (9.0x10™ Ns/m”at25°C), r
is theradius of the particleand vis the velocity of the solvent. For endothelin-1 (r = 1.2 nm) and chymotrypsin (r = 2.4 nm),
assuming a water vel ocity of 100mm/s (e.g. doi:10.1007/s10404-017-1928-1, and WtFraCatpH 7.5 and -100 mV bias voltage,
SupplementaryTable 1), thisresultsinforces of 2.0 and 4.0 pN, res pectively. Thus, considering these rough estimates, using
WtFraCnanopores, the F,, is strongerthan the F,, for small polypeptides such as endothelin 1 when they containfewer than



aboutseven negative charges (out of the 21 amino acids). However, these are just rough approximation that have large
uncertaintygivenwe do notknow theexact electricfieldand F,,insidethe nanopore, the charge of the residues (especiallyat
lower pH), thestrength of the EOF and the electrostaticinteractions between the poreand the peptide. Therefore, we have not
included these considerations in the manuscript.

*Whatis the general conditionfor a protein to be captured by EOF into a protein channel?

Using WtFraCatpH 4.5, we demonstrated capture of small proteins ($2-microglobulin, EGF) and peptides (endothelin1,2 and
angiotensin1). Alarger protein (chymotrypsin) was | ess efficiently captured under this condition (Fig. 1c), presumably dueto the
reduced EOF of WtFraCatpH 4.5. Thus, we presume that smaller proteins and peptides can be captured underthis conditionin
general (WtFraC, pH4.5) wherethe charges are moderated but EOF is still relatively strong; while larger proteins mayenter
WtFraCatlow potentials only at higher pH withstronger EOF.

The issue of electrophoretic versus el ectroosmotic capture of polypeptides is now discussed inthe maintext

-Near-isomeric polypeptide discriminationand Folded proteins maytranslocate FraC nanopores by deforming the
transmembraneregion of the nanopore.

*Figure3.Whatarethefitused forthe dwell timesasa functionof V?

Intheinitial manuscript we used a b-spline (Origin), as it was specifiedin the figure legend. This is because linearand
exponential fits could not be employed forall figures. Following the recommendation of the reviewer, we discussed more about
the entry and exit of polypeptides inthe revised main textand amended the fitting of the dwell times over voltage where
possible. Inthenewfigure, exponential fitting is used for the dwell time dependency on voltage with the exception for EGF. In
fact, thedwell time dependency on voltage of EGF canbe fitted into exponential function at the voltages lower than -90mV or
higher than-90 mV. However, we just used b-spline (Origin) to connectthe plots in EGF.

“Together, these findings suggest that the transmembrane region of the nanopore deforms during the translocation of folded
32-microgobulin molecules”

*1f the transmembrane region of the nanopore deforms during the translocation of folded B2-microgobulin, why does the Ires
remain constantasa function of V? Adeformation couldalter the pore diameter andthe ratio of protein/pore volume.

The transmembrane region maydeformto the minimal size requiredto permit the translocation of f2-microgobulin. Thus, 2-
microgobulin mayobstruct fully atany stage theionic current flowing through FraCas we observed essentially no residual
currentatany voltage.

*Whatis the mechanism of channel deformation?

The transmembrane region of FraCis made by a-helices at the N-terminus of the protein. We think that such a-helices are
structurally more flexible than the B-sheetloops of other nanopores, whichin turn allows the (reversible) deformation of the
nanopore. How this mechanismisjusta speculation.

L261. Interestingly, the Ires% of endothelin 1 increased with the applied potential, suggesting that this polypeptide may be
stretched by theincreased EOF through the nanopore.

-Could you please discuss why the polypeptide is completel ystretched inside the channel?

Weassumethat polypeptides can be stretched by the electroosmotic flow(from cis to trans). When an analyteis negatively
charged and the electrophoreticforce will further stretch the polypeptide by pullingin the opposite direction (from trans to cis
under negative applied potential). However, the stretching of the polypeptide was inferred only by theincreased Ires as the
potential wasincreased. We currently do not knowif polypeptides are fully stretched inside the pore.

-Could you please cite papers already showing this phenomenonwith protein or polypeptide chains thatare stretched under the
applied voltage (Cressiot etal, 2012, ACS Nano; Freedman etal, 2013, Sci Rep.).
Weadded thesereferences.

-New experiments to perform

*The Protein-channel Interactions (electrostatic...) are crucial for the capture and for the detection of peptides and proteins
within the nanopore. | recommend evaluatingthe kinetic rate constant andthe constant of association/dissociation for the
different protein biomarkers.

Wehaveadded a commenton thevoltage dependency of the capturerates. The dwell times were already discussed in the main
text

*| recommend performing a new experiment with a mix of different proteinsinorder to showthe power of discrimination of
this protein sensorunder EOF driving force.
Wedid this, separating B2-microglobulin; EGF and endothelin 1 from each other (See new Figure 4 in maintext)



Reviewer #2 (Remarks to the Author):

In this manuscripttitled “Electro-osmotic Capture andlonic Discrimination of Peptide and Protein Biomarkers with FraC
Nanopores”,theauthors reporta FraCnanopore-based approach fortheidentificationanddistinguishing of homologous
peptides and proteins. FraC was engineered to generate strong EOF to attract the proteinsinto the porelumen. UsingEOF as the
driving force makesita versatile method for analyzing proteins carrying different surface charge. Five protein analytes ranging
from 1.3 kDa to 25 kDa were investigated. They generated distinctionic current blockades for identification with FraC.
Particularly FraC was shown to resolve endothelin proteins with just a single amino acid variation. This is a well conducted work,
where a new biological nanoporeisintroduced for proteinidentification with highresolution. The manuscriptis clearly written
and enjoyableto read. | recommend the publication of this workin Nature communication with minor revision.

Wethank the reviewer for the positive assessment.

The minor issues arethe following:
Page5 line 102: “Since the constriction of ClyAis lined with asparticacid” the ClyAshould be FraC.
Wefixed this.

IntheSl, page 17 line220: The same mistake
We fixed this.

Page5 line 105: “Simultaneously, a less negative endothelin 1 would also migrate more easilytowards the trans electrode
under”. Simultaneously? Itis unclear to me. Please rewordthis sentence.

Endothelin1 becomes less negatively charged underacidic conditions. Thus, acidic pH decreases the electrophoreticforce that
opposed translocation (at negative appliedtransmembrane potential). At the same time (hence simultaneously) the negative
chargeatthe constrictionis reducedandthe energy barrier for negative charges passing the constriction is lowered.

Page 18, figure4b: please highlighttheresidue F14 of ET-1 andE14 of ET-2 to make it easier for readers to spotthe difference
between the two peptides.
We have highlighted theresiduein question.

Reviewer #3 (Remarks to the Author):

This manuscript by Huang etal explores the use of a biological nanopore protein, FraC, for the detection of seven peptideand
small protein biomarkers. The authors establish experimental conditions that take advantage of el ectroosmotic flow to moveall
the analytesinto the conically shaped constriction of the pore | eading to biomarker -specific current blockades andresidence
times. The most compelling result withregard to biomarker analysisis that the 21 amino acid peptide endothelin1 can be
distinguished from endothelin 2, which differs only by replacement of two aminoacids (notone as stated by theauthors). This s
animpressiveand inspiring resultinthe sensethateven small differences are detectable. Theauthors are, however, also
demonstrating thatin the case of another peptide, angiotensin | with 10aminoacids, cannot be distinguished from angiotensin
I, whichis missing the | ast two amino acids of angiotensin|. Theauthors also presentinteresting insight into the el ectrostatics
and electroosmotic flowinboth wildtype FraCpores (WtFraC) with a predominantly negatively charged pore constrictionandin
a mutant (ReFraC)with a predominantly positively charged pore constriction. The authors show that these two pores generate
electroosmoticflowinopposing directions if the polarity of the applied potential differenceis kept constant. Finally, the authors
conducted a thorough characterization of the behavior of the different biomarkers in the vestibule of the pore. Basedon
residencetimeas a function of applied potential difference, the authors present evidence for two different cases: Afirstcasein
which small proteins and large peptides exit the porefromthe sameside as they entered irrespective of the magnitude of the
applied potential anda second case, in which small peptides translocate through the pores at s ufficiently high potential
differences. Importantly, WtFraCinduced el ectroosmotic flow from the large vestibule side of the pore to its narrow constriction
evenatpH 4.5. At this pH the biomarkers were either positively charged or only slightly negatively charged, such that EOF
dominated and delivered allbiomarkers into the pore for detection.

Altogether this manuscript presents interesting results with substantial data supporting the claims and conclusions. The data is
of high quality, the studyis very well done and convincing. The figures, structures, and cartoons are outstandinginclarityand
appeal. Thework s a significant contributionto the analysisof peptides, small proteins, and biomarkers to the growing
nanoporefield.

Wethankthereviewer for the overall positive assessment.

Comments:

The lastsentence of theabstractis unclear, confusing, and misleading. Only a subset of very smallproteins or peptides
examined heretranslocated throughthe pores, others didn't. Reading the entire manuscript oneis notleft with thesensethata



"general rationale" is being presented. The authors either have to explain better whatthey mean, make more convincing
arguments forthis statement, or simplyrewrite the concluding statement altogether.

All of thetested smaller proteins (11 kDa; EGF andb2-microglobulin) and peptides (Endothelin1, 2 and angiotensin |)
translocated through WtFraC, while one larger protein (chymotrypsin, 25 kDa) was shown not to translocate, presumablydue to
sterical reasons. Therefore, itis likely thatall proteins with a diameter smaller than the diameter of the nanopore will
translocate FraCnanopores, given the pH of the solution is tuned. However, we are aware that notall proteins translocate the
nanopore, hencethe use of ‘entry’ throughout the manuscript.

Maybe fromtheabstractand title the reviewer expected a manuscript solely on protein sequencing with nanopores. Indeed,
oneofthe aims of this work is assessing FraC nanopores as sensors for protein sequencing, the other is the discrimination of
biomarker irrespective of translocation. We have now made this point more clearly by specifying that FraCis used for folded and
unfolded protein analysis.

However, we presented a general rationale for the capture (and translocation) of small proteins and unfolded peptides by the
electro-osmotic flow. Crucially, inthe context of protein sequencing, we showed that the electro-osmotic flow canbe used to
captureandtranslocate of unfolded peptides, irrespectively of their charge, when the pH of the solution is lowered to 4.5 . This is
animportant, becauseitis now possible to transport unfolded protein across a nanopore without using enzymes.

We have further clarified these points in the main text

The sentenceendingin line51needs a reference(s).

Wedid notfind very suitable references for this. However, we think itis obvious thatifthe analyte molecule has no charge, the
electricfielddoes nothaveaninfluence the transport dynamics across the nanopore. This is because the electrophoretic force,
Fep, depends on thecharge of the moleculeas Fep=qE (qisthechargeand Etheelectricfield). Thus, for analytes with zero
charge, theFepis zero.

Line62to 64:Itappearsthatiftheauthors would have chosen a slightlymoreacidic pH, such as pH 4.0, the condition that they
say cannotbeachieved mightactually have been achieved -- unless the authors know thatat pH 4.0 the direction of WtFraCis
reversed compared to pH4.5.

Wehavetried lower pHs and we observedthe capture of Endothelin1 at-50 mV (analyte addedto thecis solution), albeit the
current blockades were sometimes ‘nosier’ than at higher pH values. We settled at pH 4.5 because is the closest to physiological
pH, whichisimportantif enzymes willbe added to the systemto control the transport of unfolded polypeptides across the
nanopore.

For a high profilejournal suchas Nature Communications, the "writing" of this manuscript could be improved, bothon the
sentence level and the "storytelling" level. Early intheresults sectionthe textis hard to read because it presents detail that
appearsattimes redundantwiththefigures orcould possibly be put better in context rather thanstating quantitative values
(forinstanceinlines 124to 136 as well as on the previous page). For this reason, the manuscript seems to lose the plotat times.
Weamended our manuscript. Further, inorder to complywith Nature Communications style, we have reorganized the results
and discussion sections whichatthe same timeimprove the readability of the manuscript.

In both theintroductionandthe discussion, there seems to be a fixation on protein sequencing that doesn't seem particularly
relevant, given that this paper makes no effort to sequence the analytes. Possibly move the speculationabout FraC possible
usefulness for proteinsequencing towards the end of the discussion and discuss better why the authors feel thatitmay bean
excellent pore for that (which it may well be but whichwill have to be demonstrated).

We havefollowed the suggestion of the reviewer and moved the discussion of protein sequencing towards the end of the
manuscript. However, we still feel this manuscript representan important step to understand whether nanopore protein
sequencingis possible. Infact, thethoroughunderstanding of conditions enabling the capture and translocation of peptides (or
proteins)is of paramountimportance for protein sequencing with any pore (if polypeptides cannot be captured and
translocated there cannot be protein sequencing). Our finding about the el ectro-osmotic capture of different polypeptides,
whichisimportantinthis contextbecauseitsuggestthatthe EOF mightbeableto provide enough forceto the polypeptides
insidethe nanopore despite the charge of theaminoacid sequence.

The authors should discuss whether the concentrations of biomarkers that they demonstrated for their experiments arein the
relevant physiologicaland pathophysiological range for these biomarkers. The authors should alsotouchon possible anticipated
challenges when applying this approachto biomarker detection inrelevant biofluids.

Wehaveadded a paragraphinthe main text (discussion) describing this.

Line126:Whatdo theauthors meanby"...the blockades...became homogeneous..."?
We have specified that the homogeneityrefers to theresidual currentlevel.

The large bodyof interesting results presented in Figure 3 shouldbe discussedin more detail. For instance, the results on kon
rates for different peptides are scarcelydiscussed and putinto context. Whatis their relevance?

Weadd a discussion about the kon dependence on voltage inresults andthe discussion session. However, we avoided an in-
depth biophysical characterization of the data because we feel itis beyondthe scope of this work. We performed this



experimentto establish the sensitivity of our method. Alinear dependency of the capture frequencywith the applied potential
(chymotrypsin and $2-microglobulin) suggest that the capture process is diffusion-limited. However, we recorded more complex
voltage dependencies for EGF and Endothelin 1, whichmight be relatedto the slightly negative overall charge of the polypeptide
atpH4.5.For negatively charged molecules the increase of el ectro-osmotic flow is partiallybalanced by the increased
electrophoreticforcethatopposes translocation.

The "reversal potential" label above Fig. 2b is confusing, as "reversal potential" refers onlyto the x-intercept of those curves.
Weagreewith thereviewer and we have removed thelabel fromthefigure.

Justa suggestion: Wouldn'tthegraphsinFig. 3 better convey the pointthat dwell time, Ires%, and kon are potential
fingerprinting parametersif they all had the same axes, eveniifit's worse from a data presentation perspective?

We believe we have to compromise to display also subtle details. For example for 2-microglobulin, EGF and endothelin 1 we
showthe heatplot usingidentical axes. On the other hand, the bimodal behavior of EGF dwell times wouldbe notvisibleon a y-
axis of chymotrypsinfor example. Hence, we prefer to keep the currentarrangement.

Firstsentenceinthe conclusion: Mention that detection of single biomarkers in pure buffer solutions is possibleand shows
differences between peptides andin a binary mixture entdothelin 1 and Il could be distinguished ratherthana general statement
thatmayimplythatthese biomarkers may be distinguishable in a mixture of all of them (or leave the sentenceasisandshow
this capability).

We leftthe sentenceas itis. Weadded a new figure (New Figure 4 in maintext) froma new experiment showing discrimination
of B2-microglobulin, EGF and endothelin 1 in a mixture.

The lastsentencein the conclusion appears too strong"...itis likely...". Consider, "...it may be possible..."
We changed this.



REVIEWERS' COMMENTS:
Reviewer #1 (Remarks to the Author):

The authors answer well to the questions, comments and recommendations.

My recommendation is to accept this revised manuscript version for publication in Nature
Communications

congretulations for this very interessting work

Reviewer #2 (Remarks to the Author):

This high quality work from Dr. Maglia’s group has introduced a new protein nanopore FraC for the
proteomic characterization of the small proteins and peptides. FraC has shown remarkable
discrimination ability to resolve small peptides with only one amino acid variation. The conclusion is
backed up by solid experimental results and the manuscript is written very clearly. The revised
document has corrected the errors in the previous version, included comprehensive coverage on the
topic of nanopore protein analysis in the introduction. The revision has improved the presentation of
the paper. I recommend the manuscript to be published in Nature Communication.

Reviewer #3 (Remarks to the Author):

The authors addressed most of my comments and the manuscript now reads very well. As stated
before, the findings are very interesting and the data is convincing and presented clearly.

Only very minor comments remain, which do not have to be addressed and are probably matters of
opinion:

I now see why the authors are stating that ET-1 differs only by one amino acid from ET-2, although I
would argue that the position of an amino acid in the primary sequence of a peptide can be as
important and influential as the nature of this amino acid (to illustrate this point imagine two peptides,
in which the only difference between them would be that two amino acids would have simply swapped
positions -- according the authors one could then say that these two peptides would not differ in
amino acids. While this may be true, I think it is misleading since these two peptides could have
different biological function). Therefore, in my mind ET-1 differs by two amino acids from ET-2 (one
amino acid changed position and another one is different). This is may be a matter of opinion and Fig
5b does makes it clear....I am just not sure if I would stress, as much as the authors do, that these
two peptides differ by only one amino acid -- it took my a while to understand why its not two.

L342: I am not sure that EOF is the only option to move proteins through the pore....the authors
themselves state that enzymes might push or pull peptides or proteins through the pore and there
could be other mechanisms.

L 38: Istill think is it a long way to reliable amino acid analysis of folded and unfolded proteins with
nanopores and to me the "rationale" is not so clear yet. I would formulate more carefully but with the

changes in the discussion, the reader can now get a good idea what is and is not currently possible.

Overall this is very good work and I enjoyed reading and reviewing it.



REVIEWERS' COMMENTS:

Reviewer #1 (Remarks to the Author):

The authors answer well to the questions, comments and recommendations.

My recommendationis to accept this revised manuscript version for publication in Nature Communications
congretulations for this veryinteressting work

Reviewer #2 (Remarks to the Author):

This high quality work from Dr. Maglia’s group has introduceda new protein nanopore FraC for the proteomic
characterization of the small proteins and peptides. FraChas shown remarkable discrimination ability to
resolve small peptides with only one amino acid variation. The conclusionis backed up by solid experimental
results and the manuscriptis written very clearly. The revised document has corrected the errorsinthe
previous version, included comprehensive coverage on the topicof na nopore protein analysisin the
introduction. Therevision has improved the presentation of the paper. | recommend the manuscriptto be
published in Nature Communication.

Reviewer #3 (Remarks to the Author):
The authors addressed most of my comments and the manuscript now reads very well. As stated before, the
findings arevery interesting and thedatais convincing and presented clearly.

Only very minorcomments remain, which do not have to be addressed andare probably matters of opinion:

I now seewhy the authors are stating that ET-1 differs only by oneamino acidfrom ET-2, although| would
arguethattheposition ofanamino acid in the primarysequence of a peptidecanbeas importantand
influentialas the nature of this amino acid (to illustrate this pointimagine two peptides, in which the only
difference between them would be thattwo amino acids would have simply swapped positions -- according the
authors one could then say that these two peptides would not differ inamino acids. While this may betrue, |
thinkitis misleading since these two peptides could have different biologicalfunction). Therefore, inmy mind
ET-1 differs by two aminoacids from ET-2 (oneaminoacid changed position andanother oneis different). This
is may bea matter of opinionand Fig 5b does makesitclear.... amjustnotsureif | wouldstress,as muchas
the authors do, that these two peptides differ by onlyoneaminoacid -- ittook my a while to understand why
its nottwo.

Wesee why our statement might confuse the reviewer. However, the substitution can be rationalized as:
methionine6in ED-1isreplacedby a tryptophanand moved to position 5 in ED-2. Nonetheless, we
acknowledge the concernof thereviewer and we added asentencein the main textto describe this.

L342:1amnotsurethat EOFistheonly optionto move proteins through the pore....the authors themselves
statethatenzymes might pushor pull peptides or proteins through the poreandthere couldbe other
mechanisms.

Weagree with thereviewer thatthe EOF is one of the options to control the transport of polypeptides across
nanopores. However, we believeitis by farthebestoption. Thisisbecauseif enzymes are used, then the
nanoporeshouldbeused as a physical barrier to unfold the protein, whichwould pose many engineering
challenges. On the other hand, if the EOF canbe madeto effectively transport unfolded polypeptides, then the
unfolding can be obtained outside the nanopore by a variety of other means (chaotropic agents, temperature,
enzymes, etc).



L 38:1still thinkisita long way to reliable amino acid analysis of folded and unfolded proteins with nanopores
andto me the"rationale"isnotsoclear yet. | would formulate more carefully but withthe changesin the
discussion, thereadercannow geta good ideawhatisandis notcurrently possible.
Weagreethatseveraltechnical problems still need to be addressed in order to fulfill nanopore sequencing or
proteomics. Here we focused inthe key issues of capture, translocation and recognition. We are glad the
reviewer appreciated our effortin the discussionto address these challenges.

Overall thisisvery goodwork and | enjoyed reading andreviewing it.
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