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Materials and Methods

Chemical Attachment of Ubiquitin Proteins

Ubiquitin proteins (human, recombinant) labelled with 2H and '3C were purchased from
Giotto Biotech (GO3UBQO1). Ubiquitin proteins labelled with 3C were purchased from
Medical Isotopes, Inc (C3225). Unlabelled Ubiquitin was purchased from Sigma-Aldrich
(709417). The reagents 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS) and ethylenediamine were purchased from Sigma-
Aldrich (E6383, 130672 and E26266, respectively).

We use carbodiimide crosslinker chemistry to attach ubiquitin proteins to the dia-
mond surface. This procedure is designed so that any carboxylic acids terminating the
diamond are conjugated to the linker molecule ethylenediamine, which is subsequently
attached to the C-terminus of the protein. Conjugation of primary amines with car-
boxylic acids is achieved by crosslinking with the carbodiimide compound 1-ethyl-3-(-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC). N-hydroxysuccinimide (NHS)

is included in the reaction mixture to improve coupling efficiency.

Detector Sensitivity and Spectral Resolution

The modified XY8-k sequence leads to a NMR signal of the form

5() =5 (1~ feosa) ), 1)

where ¢ = 27y, [*_dtf(t)B(t) is the total accumulated phase at the end of the sequence
and the average is taken over many realizations of the experiment. Here A is the reduced
Planck constant, B(t) is the total magnetic field the NV center experiences over the

course of the sequence and f(t) is a series of step functions ranging between -1 and 1 that



describes the periodic m-phase rotations and free evolution intervals. If B(t) is assumed

to be normally-distributed with zero mean, the signal can be written as

S(r) = %(1 ), 2)

The mean phase variance {¢?) is given by the expression (31, 32)

($?) = 7?6 /_OO dww, (3)
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where Sp(w) = [7_dte™' (B(t)B(0)) is the double-sided magnetic spectral density and

2

F(wr) = £ |f(w)]? is the detector filter function with f(w) = [ dte™!f(t) being the
Fourier transform of the pulse sequence function. For the modified XY8-k sequence, the

filter function is given by (31)

F(wr) = 2sin® (W) tan? <%) (4)

Here we have assumed that the durations of the spin rotation gates are much smaller
than the free evolution intervals and can be neglected. Due to the dependence of S(r1)
on the variance of the magnetic field, the NMR signal created by a single nuclear spin
depends on the NV-spin separation r approximately as 1/r%. For an extended structure
(e. g. an isotropic volume of protons, see below) the scaling could be significantly weaker.
When the dimension of the structure is smaller than r, as is the case for the small protein
considered in this work, the scaling is not appreciably different from that of a single
nuclear spin.

In order to characterize the sensitivity we consider a monochromatic signal with ran-

dom phase at frequency 27wy, corresponding to the field spectrum

Sp(w) = m(B?) 6(w — wo) + 7 (B?) §(w + wo). (5)



The maximum of the NMR signal at this frequency occurs at 7o = 7/wy and is given by

the expression
oA 2y 2 2
S(n) = 5 (B m(k+1) (6)

Here we have made the small signal approximation e (90/2 1 — (¢*) /2. The maximum
signal is achieved when the total sequence duration 7(k+1) is chosen to be approximately
equal to the decoherence time 75. Given a total averaging time 7" and a readout time T,

T/(Ty + Tr) measurements can be performed, yielding the minimum detectable magnetic
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While this field variance is limited by spin projection noise, the dominant source of noise

field variance 6 B2, given by

in our experiment is photon shot noise, which can be parameterized by the the NV center

fluorescence readout fidelity (5)

N

F =142+ a)/(ag — ar)?] °. (8)

We define the sensitivity figure of merit of our nuclear spin sensing experiment as the
number N of 'H spins, situated on the diamond surface directly above the NV center,
that can be detected with unity signal-to-noise ratio after T" = 1 second of integration.

The magnetic field variance of a single 'H spin in this configuration is given by

2 (Moh%?)z
B, ~ 1672d6 (9)

where 7, = 2.68x10% s~! T~! is the proton gyromagnetic ratio, d is the NV center depth

and g is the vacuum permeability. Thus, the sensitivity is given by
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which yields Eq. 1 of the main text.
The spectral resolution I' is given by the linewidth of the filter function and is fun-
damentally limited by the decoherence rate 1/T5. In the small signal approximation the

FWHM linewidth W of the filter function in Eq. 5 is given by

0.886

Wr™ o

(11)
NMR Sensing Area

For an NV center with depth d and a uniform, two-dimensional distribution of spins on
the diamond surface, we determine that more than 70% of the NMR signal comes from
a region of area md? directly above the NV center. We define this region as the sensing
area.

For typical NV depths (d ~ 4 nm) and the measured protein spacing (~21 nm), we
expect to observe a 2H NMR signal with amplitude of > 1% in approximately 10% of NV
centers. Of these detection events, more then 90% are expected to be due to an individual
protein. Here, detection of an individual protein is defined as the case in which more than

70% of the observed signal is created by a single protein.



Supplementary Text

1 Diamond Sample Processing

All experiments presented in this work were performed using two (100)-oriented, unpol-
ished, electronic-grade diamond samples (henceforth referred to as samples A and B),
consisting of a 50 pum '2C-enriched (99.999% abundance) layer epitaxially-grown using
plasma-enhanced chemical vapor deposition on a natural-abundance diamond substrate
(Element Six). The concentrations of substitutional nitrogen and boron impurities were
less than 5 parts per billion (ppb) and 1 ppb respectively. Sample A was implanted using
a N7 dosage of 10° cm™2 and an implantation energy of 2.0 keV. It was annealed in
vacuum using the following procedure: (a) 6 hour ramp to 400°C, (b) 6 hours at 400°C,
(¢) 6 hour ramp to 800°C, (d) 8 hours at 800°C and (e) 6 hour ramp to room temper-
ature. Sample B was implanted using a >N+ dosage of 10'° cm~? and an implantation
energy of 1.6 keV. It was annealed in vacuum using the following procedure: (a) 2 hours
at 200°C, (b) 1 hour ramp to 800°C, (c) 1.5 hours at 800°C and (d) 2 hour ramp to room
temperature.

After vacuum annealing, the samples were cleaned in a boiling 3-acid mixture (equal
volumes of H,SO4, HNO3, and HCIO,) for three hours. In order to reduce the decoher-
ence rates of shallow NV centers, the samples were annealed in an oxygen environment
(Tystar, Mini Tytan 4600) for 4 hours at 465°C. The oxygen anneal followed the follow-
ing procedure: (a) ramp to 465°C for 2 hours, (b) anneal at 465°C for 4 hours, (e) ramp
down to 250°C for 2 hours. The samples were placed in a Piranha solution (2:1 mixture
of concentrated H,SO4 and 30% hydrogen peroxide) immediately before and after the

anneal.



2 Optical Setup

We used a home-built, inverted confocal microscope to address individual NV centers.
Here optical excitation was performed using a 532 nm diode-pumped solid-state (DPSS)
laser (Information Unlimited, MLLIII532-200-1) modulated with an acousto-optic mod-
ulator (Isomet Corporation, 1250C-974) in a double-pass configuration. NV center fluo-
rescence was separated from the reflected excitation beam using a dichroic beamsplitter,
filtered using 532 nm notch and 633 nm long-pass filters and collected using a fiber-coupled
single-photon counting module (PerkinElmer, SPCM-AQRH-14-FC). A Nikon Plan Fluor
100x oil immersion objective (NA = 1.3) was positioned under a microwave-frequency
coplanar waveguide, used to hold the diamond sample. A layer of objective immersion
oil (Micro Video Instruments, Inc, MVA22024) was placed between the waveguide and
the sample to reduce aberrations and increase collection efficiency. Lateral steering of the
laser beam was performed using a closed-loop scanning galvanometer (Thorlabs GVS012)
while the vertical position of the focus was controlled with a with a piezoelectric stage
(Physik Instrumente P-721 PIFOC). The acousto-optic modulator and the single-photon
counting module were gated using TTL pulses produced by a 500 MHz PulseBlasterESR-

PRO pulse generator from Spincore Technologies.

3 Coherent Control of Two-Qubit Register

3.1 Manipulation of Electronic Spin Qubit

We apply microwave-frequency (MW) drive fields using a coplanar waveguide fabricated
on a silicate glass substrate (Ted-Pella, Inc, #260320). Here we use a Sharon Thermal
Evaporator to deposit a three-layer metal structure consisting of a 50 nm titanium adhe-

sion layer, 1000 nm of of copper and 300 nm of gold. The metal surface is then coated



with Shipley S1813 positive photoresist and a coplanar transmission line structure is gen-
erated using optical lithography (SUSS MicroTec MJB4). The resist is developed using
Microposit MF CD-26 developer and the exposed metal is removed using Au etch and
hydrofluoric acid (HF). The unexposed resist is removed with acetone and the finished
waveguide is cleaned using Buffered Oxide Etch (7:1). In order to prevent the diamond
sample from coming into direct contact with the metal, the waveguide is coated with
a 20 nm film of aluminum oxide (Al;O3) using Atomic Layer Deposition (Cambridge
NanoTech, 5200).

We apply strong MW pulses at the carrier frequency 3B — A in order to rotate the
electronic spin irrespective of the N spin state (Hadamard, Pauli-X and Pauli-Y gates).
Here A = 2.87 GHz is the NV center zero-field splitting, v, = 1.76x 10 s7! T~! is the
electron gyromagnetic ratio and B is the magnitude of the external magnetic field applied
along the NV symmetry axis. For all measurements presented in this work, strong MW
pulses are 12-25 ns in duration. The MW signal is generated by a Stanford Research
Systems SG384 signal generator where the built-in 1Q modulation inputs are used to
control the z and y quadrature amplitudes of the output signal. The MW pulses are
gated by a dual-output Tektronix 3052C Arbitrary Function Generator (AFG), which is
in turn triggered by TTL pulses. A second AFG controls the IQ modulation of the output
signal.

We apply a weak MW 7-pulse resonant with one of the >N hyperfine transitions to
implement the C-NOT gate (henceforth referred to as C-NOT,;)

04) =100, [14) = [14), 101 =11, [11) = [01), (12)

where the electronic spin is flipped conditioned on the nuclear spin state. Here the carrier

frequency of the tone is set to 3B — A — A/2, where A ~ 3.05 MHz is the hyperfine



coupling between the NV center electronic spin and the N nuclear spin. The MW sig-
nal is synthesized using a Rhode&Schwarz SMC100A signal generator, frequency-doubled
with a Mini-Circuits ZX90-2-36-S+ multiplier and power boosted with a Mini-Circuits
ZHL-16W-43-S+ amplifier. Setting the duration of the w-pulse to ~280 ns yields a fre-
quency profile with a zero at the detuning that corresponds to the other N hyperfine
line, effectively applying a 27-pulse to the off-resonant transition.

An external static magnetic field was applied using a permanent neodymium magnet

on a goniometric stage (Edmund Optics, #66-532).

3.2 Modified XY8-k Sequence

We optically-polarize the NV center electronic spin into the state |0) and apply a Hadamard
gate to create the superposition state (|0) +[1))/+/2. The spin then undergoes k periodic
m-phase rotations separated by intervals of free evolution, after which a final Hadamard
gate converts any accumulated phase into a measurable population difference. In contrast
to the canonical XY8-k sequence, the k£ + 2 spin rotations are implemented using a train
of identically-spaced MW pulses where the amplitudes are controlled via IQQ modulation.

The phases of the m-pulses follow the pattern
XN [Y XY ]a[Y]5[X]6[Y]7[X]s - - - [X]o—2[Y o1 [ X, (13)

where [X]| and [Y] correspond to Pauli-X and Pauli-Y gates, respectively. In order to
cancel the DC component of the magnetic field noise spectrum we require an odd number

of m-pulses. As an illustration, an XY8-11 sequence in this scheme would have the form
(X2 XY [ X]n [Y T [V ][ X [V ] [X ][ X [V ] [X ] [ X 2, (14)

with each pulse separated by time interval 7.



3.3 Manipulation of Nuclear Spin Qubit

A radio-frequency (RF) drive field is delivered through a copper coil positioned above
the diamond sample. We use a high-purity alumina rod as the inductor core in order to
efficiently dissipate heat created by the high power RF pulses.

The RF tone at the carrier frequency A — 3¥B, where yy is the 15N gyromagnetic

ratio, is used to implement the C-NOT gate (henceforth referred to as C-NOT,,.)

04) = 100,101 = [01), L)) = 11, [11) = [11). (15)

Here the signal is synthesized using a second Rhode&Schwarz SMC100A generator and
amplified using a ENI A-500 RF amplifier. For all measurements presented in this work

the RF pulses are 50-60 us in duration.

3.4 SWAP Operation

A SWAP operation, which interchanges the nuclear and electronic spin states, is equiva-
lent to the sequence C-NOT, — C-NOT,. — C-NOT,,. For repetitive readout of the
electronic spin populations, where the coherence of the final state is irrelevant, the last

C-NOT,y, gate is not strictly necessary.

3.5 Quantum Logic-based Readout

The inefficiency of optical readout of NV centers is due to the fact that the optical
excitation used for readout also re-polarizes the NV center spin before enough photons
can be detected to accurately determine its state. In order to improve the readout fidelity,
we utilize a two-qubit quantum register, consisting of an NV center electronic spin and its
associated N nuclear spin. Here, the nuclear and electronic qubits are coupled through

the hyperfine interaction, resulting in the level structure shown in Fig. S1, where the |0)



and |1) correspond to the mg = 0 and m; = 1 magnetic sublevels of the NV electronic spin,
respectively, while the states |]) and |1) denote the eigenstates of the 1N nuclear spin
ancilla. As shown in Fig. 1b of the main text, by applying a SWAP quantum gate followed
by an electronic repumping operation, an arbitrary electronic spin state «|0) + 3 |1) is
stored in the ancilla qubit, resulting in the state |0) ® («|}) + 1)), irrespective of the
initial nuclear spin state. Subsequently, a controlled-NOT (C-NOT) gate, implemented
using a weak MW pulse resonant with one of the >N hyperfine transitions (blue arrow in
Fig. S1), creates the entangled state [0 |)+ 3 |1 1). An optical measurement (of duration
800 ns) then projects this state into either |0 ]) or |1 1) and re-polarizes the electronic
spin. The sequence of C-NOT and optical readout is then repeated with each additional
cycle (of duration 1.1 us) yielding more information about the initial spin populations.

In all measurements employing repetitive readout, the transition frequency of the
ms = 0 and ms; = 1 magnetic sublevels of the NV center is tuned as far as possible from
the excited state level anti-crossing (10). This ensures that the effect of the depolarization
of the N nuclear spin mediated by hyperfine coupling in the excited state of the NV
center is minimized.

In order to reduce the effect of spurious noise (e. g. slow drift of the ESR line),
the repetitive readout sequence is repeated twice. The first run includes the magnetic
signal acquisition while the second run includes instead a single strong MW pulse, used
for normalization. For all NMR measurements presented in this work, where repetitive

readout is utilized, we use 500 readout cycles.



4 NV Center Depth and Decoherence Rate Measure-
ments

In this work the depths of NV centers are measured by immersing the sample into micro-
scope objective immersion oil and detecting the amplitude of the 'H NMR signal created
at the NV center by the proximal proton spins. It can be shown (18) that for a (100)-
oriented diamond surface, the magnetic field variance along the NV center axis created

by the statistically-polarized ensemble of protons is given by the expression

 bpudping,

B = T536ea (16)

Here p is the proton density, p is the vacuum permeability, py is the nuclear magneton,
gp ~ 5.59 is the proton g-factor and d is the NV center depth. We assume a Lorentzian
field spectrum given by the expression

__ By (B
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where v is a spectral width that captures the dephasing and motional effects of the proton
bath. We fit the measured 'H NMR spectrum to the expressions given in Eq. 5 and Eq.
6 of Methods using the field spectrum from the expression above. The fitting parameters
~ and d yield the coherence timescale of the proton bath and the depth of the NV center,
respectively. A more complete treatment of this topic is provided in [32].

The decoherence rates of NV centers are estimated by sampling the amplitude of the
magnetic field noise spectrum Sp(w) at different frequencies. Here we sweep the free
evolution interval 7 between 7m-pulses in the XY8-k sequence. The data is fit to the

expression (11)

D(r) = %(1 —exp [~(T7)]), (18)



where I' is the NV center decoherence rate and p is a value ranging from 1-3. All NMR
measurements presented in this work are processed by subtracting the observed NMR
signal from D and dividing by 1 — 2D to reflect the reduced contrast created by NV
decoherence. Here the levels of 0 and 1 correspond to the fluorescence rates of the m, = 1

and m; = 0 magnetic sublevels of the NV center, respectively.

5 Sensitivity of Nuclear Spin Sensing

As illustrated in Fig. S2a of the main text, the oxygen surface treatment combined with
quantum logic-based readout yields shallow NV centers with sensitivities improved by
more than a factor of 500 as compared to the same NV centers before surface treatment
and using conventional readout. We note that although the increase in coherence times us-
ing oxygen annealing has been reproduced in multiple samples, the corresponding decrease
in NV depth has only so far been observed in a single sample. In Fig. S2a we compare
the sensitivity gain to a selection of previous work reported in the literature (3, 11, 18, 33).
Only studies where the NV depths were measured directly (32), as opposed to estimated
from ion implantation simulations, are considered. Here we do not consider reporter-based
spin sensing (4): while this method yields single proton sensitivity, it does so at the cost
of a much smaller sensing volume, due to the short coherence times of reporter spins on
the diamond surface.

The error bars in Fig. S2a represent the mean values of the measured NV center
sensitivities. The error bars correspond to 75% quantiles for cases when more than a
single NV center was measured. We use a readout fidelity F = 0.2 for the present case
when quantum logic-based readout is used (as shown in Fig. 1c). A value of F = 0.03,
corresponding to a typical fluorescence rate of 100 kCts/s, a detection window of 250 ns

and a fluorescence contrast of 35% between the m, = 0 and the m, = +1 states of the



NV center, is assumed for all other cases. In all cases presented here, the coherence time
was measured with an XY8-k pulse sequence with k& between 64 and 448. In cases where
the coherence time was measured using more than one value of &k, we chose the maximum
reported coherence time for the present analysis.

The sensitivity can be further improved through several proposed routes. Employing
Hartmann-Hahn double resonance (HHDR), the NMR sequence acquisition time can be
increased from Ty to TY, the longitudinal relaxation time in the rotating frame (22). As
shown in Fig. S2b, we measure coherent spin locking times 77 up to ~1 ms, more than a
factor of 10 longer than T with ~100 7-pulses, which could translate to almost two orders
of magnitude of additional increase in sensitivity. Furthermore, HHDR allows nuclear
spins to be hyperpolarized, as demonstrated in [22]. This scheme yields a sensitivity figure-
of-merit that is linearly, rather than quadratically, dependent on the nuclear magnetic
moment (), yielding a 10-fold improvement in detection sensitivity when the nuclear
spin relaxation time 77" is longer than the signal acquisition time. If background protons
can be removed from the diamond by deuterating the surface (3), 'H spins can be used
for indirect detection of nuclei with low magnetic moments (24). In the specific case H or
13C sensing demonstrated here, this proton-assisted scheme would yield a 16-fold increase

in sensitivity.

6 Characterization of Protein Attachment

6.1 Surface Topography Characterization using AFM

An Asylum MFP-3D Atomic Force Microscope (AFM) is used to characterize the sur-
face topography of our diamond samples. We operate the AFM in tapping mode using
Olympus AC240TS probes (tip radius 9 4+ 2 nm, resonance frequency ~70 kHz). The

samples are mounted onto glass microscope slides using nonconductive double-sided ad-



hesive discs. The microscope is calibrated using a 1.5 nm SiC step calibration sample
(Ted Pella 629-90AFM).

After attaching ubiquitin proteins to the diamond surface, we characterize the re-
sultant topographic features in AFM (Fig. 2c) by fitting a Gaussian surface to each
feature. We define the height and radius of each feature (Fig. 2d) as the maximum and
the half-width, half-maximum of the Gaussian surface, respectively. The zero of height
corresponds to the diamond surface and was determined by fitting several well-resolved
features in the four corners of the image where the baseline offset was left as a free pa-
rameter. To determine which features to include in the histograms, we smooth the raw
image with a Gaussian filter with standard deviation of 1 pixel and define the peaks as all
pixels with a higher value than its eight immediate neighbors. Features with height lower
than the diamond surface, likely corresponding to spurious noise peaks, as well as edge
features are neglected. Using four large (1 x 1 um) AFM scans, corresponding to three
different diamond samples and three instances of the chemical attachment procedure, we
extract a mean spacing of 25.8 4+ 0.4 nm for the observed topographic features.

Assuming a randomly distributed ensemble of proteins (an assumption validated by
experiments described below), we expect a fraction to be unresolved due to the resolution
limit imposed by the size of the AFM probe. Thus the mean spacing of observed spots,
as extracted using the method described above, underestimates the number of proteins
on the surface. Accounting for this effect, we extract a corrected mean protein spacing of
21.6 = 0.4 nm.

The proteins can be removed from the diamond surface by repeating the cleaning

procedure outlined in section 1, as shown in Fig. S3.



6.2 Protein Density Calibration using Cy3 Fluorophores

In order to independently calibrate the surface density of attached proteins, we conju-
gate Cy3 dye molecules to ubiquitin proteins using a commercial conjugation kit (Abcam
ab188287) and attach the resulting complex to the diamond surface using the chemistry
procedure described in Methods. The fluorophores are imaged using the confocal micro-
scope setup described in section 2. Here, we use a 2 W, 532 nm laser for excitation and
detect the dye fluorescence using a 532 notch and a 633 shortpass filter. As shown in Fig.
Sda, the surface yields uniform fluorescence and the dye can be readily photobleached
using continuous laser excitation (Fig. S4b), where we observe the expected stretched
exponential decay resulting from the range of photobleaching timescales of fluorophores
located in different points within the Gaussian point spread function. The optical fluores-
cence spectrum of the surface (Fig. S4c) shows the characteristic double-peaked structure
of the Cy3 dye spectrum with a maximum at ~570 nm.

We extract the surface protein density in two independent ways. First, we dilute our
Cy3+ubiquitin solution so that the resulting surface coverage yields well-resolved spots
(Fig. S4d) and find that the spots fluoresce significantly more below 633 nm than above
this wavelength, consistent with the Cy3 spectrum measured at high concentration. Fig.
S4e shows a representative photobleaching timetrace of an individual spot. We image
a large number of resolved spots and fit each one with a Gaussian surface function,
extracting a mean fluorescence amplitude of 9.3 + 1.1 kCts/s. Here, we acquire three
consecutive images of the diamond surface. Only spots that appear in all three images
and those that yield fits with amplitudes higher than one standard deviation above the
background fluorescence level are chosen for analysis. The maximum fluorescence level of
each spot is extracted from an average of the three images. Assuming that the observed

spots are individual Cy34ubiquitin complexes, the mean fluorescence at low concentration



allows us to extract a mean protein spacing at high concentration of 20.9 + 1.4 nm,
consistent with that measured in AFM. Here the error bar corresponds to the uncertainties
in the mean fluorescence rate of individual Cy3+ubiquitin complexes as well as the mean
surface fluorescence rate of Cy3-+ubiquitin at high concentration (Fig. S4a).

As an independent verification, we attach to the diamond surface a dilute concentration
of bare Cy3 dye molecules and observe their characteristic photobleaching behavior (Fig.
S4f). From measurements of many such timetraces we extract a mean fluorescence rate
of 1.5 + 0.2 kCts/s. The performed conjugation chemistry described above is expected
to attach a dye molecule to every exposed amine group with high probability. Assuming
that all seven of the exposed Lysine residues in ubiquitin, as well as its N-terminus are
conjugated with Cy3, we extract a mean protein spacing at high concentration of 23.8 £+
1.6 nm, again consistent with that measured in AFM. Here the error bar corresponds to
the uncertainties in the mean fluorescence rate of individual Cy3 dye molecules as well as

the mean surface fluorescence rate of Cy3+ubiquitin at high concentration (Fig. S4a).

7 NMR of ubiquitin proteins

7.1 NV-based ?H and *C NMR of ubiquitin proteins

Fig. S5 shows 2H and *C NMR spectra of ubiquitin proteins, enriched with deuterium and
carbon-13, as measured on three NV centers (NV A, NV B and NV C, with corresponding
depths of 2.9 + 0.2 nm, 3.8 + 0.1 nm and 3.8 £ 0.2 nm, respectively).

Fig. S6 (panels a,c and e) shows 3C NMR spectra of ubiquitin proteins, enriched
only with carbon-13, as measured on three NV centers (NV D, NV E and NV F with
corresponding depths of 3.8 + 0.4 nm, 6.5 + 0.6 nm and 3.6 £ 0.5 nm, respectively).
Panels b, d and f show the NMR spectra (in the 3C spectral range) measured on the

same three NV centers after the proteins have been removed from the surface. The



lineshapes for both the ?H and 3C NMR spectra are approximated by gaussian functions
and convolved with the detector filter function. The shaded green regions denote the
spectral resolution.

Fig. S7 shows several examples of NMR spectra measured on NV centers where no
proximal protein was detected. Panels a, ¢ and e show 2H NMR spectra measured on three
NV centers (with depths of 4.7 + 0.3 nm, 4.8 + 0.4 nm and 4.1 £+ 0.2 nm, respectively)
after attaching deuterated ubiquitin proteins to the diamond surface. Here, twenty NV
centers were studied in total. Panels b, d and f show *C NMR spectra measured on three
NV centers (with depths of 4.2 + 0.1 nm, 4.7 + 0.3 nm and 3.7 £+ 1.1 nm, respectively)
after attaching non-deuterated ubiquitin proteins to the diamond surface. Here, ten NV
centers were studied in total. The shaded green regions denote the spectral resolution.

The magnetic field for each measurement is indicated. The microwave frequency can
be determined by multiplying the magnetic field by the appropriate gyromagnetic ratio
(1070.5 Hz/G for '3C and 653.6 Hz/G for 2H). All spectra presented here were acquired

using integration times of approximately one to three days.

7.2 Characterization of Ubiquitin Proteins Using Conventional
NMR

We verify the deuteration of the proteins by comparing the 'H NMR spectrum of 2H-
labeled ubiquitin proteins to that of the unlabelled protein (Figs. S8a and S8b). Here the
samples are suspended at 2 mg/ml in 90% H0, 10% D20. We use an Agilent DD2 600 MHz
spectrometer and implement a Double Pulsed Field Gradient Spin Echo (DPFGSE) pulse
sequence to suppress the background solvent signal. The deuterated-Ubiquitin spectrum

is dominated by the NMR-active amide-protons in the protein backbone while the vast

majority of deuterons are not solvent-accessible and therefore do not contribute to the 'H



spectrum.

8 The Spurious 2/13 Harmonic of 'H

As shown in [34], the spurious 2/13 harmonic of 'H (which is within 0.3% of the ?H Larmor
frequency) can be present in XY8-k NMR spectra when coherent evolution during the -
pulses cannot be neglected. In order to rule out the presence of this harmonic, we apply an
external calibration signal at frequency 10.312 MHz (simulating a large 'H NMR signal)
and measure the NMR spectrum in the vicinity of the 2/13 harmonic (1.587 MHz). We
observe that in addition to the 2/13 harmonic, the simulated signal produces additional
4/25 and 4/27 harmonics with amplitude larger than the 2/13 harmonic (Fig. S9). Due
to the absence of these additional harmonics in our 2H NMR spectra, we rule out that the
observed deuterium signals arise from background hydrogen. We additionally note that
the observed deuterium linewidths are a factor of ~10 larger than that measured on the
spurious hydrogen harmonic, providing additional verification that our signals cannot be

attributed to background hydrogen.

9 NV-based Quadrupolar Spectroscopy of Individual
Molecules

9.1 Physical Principles of Single Molecule Quadrupolar Spec-
troscopy

In this section, we outline the method for determining the structure of a molecule using

quadrupolar spectroscopy. As is well-known from conventional Nuclear Quadrupole Res-

onance (NQR) (20), a nuclear spin with I > 1/2 possesses an electric quadrupole moment

Q. In the absence of a magnetic field, the Hamiltonian of such a spin with I =1 (e.g. ?H



or 1N) is given by

e*qQ
Hy=—

(352 +n (52 —S2)] (19)

where e is the electric charge quantum, S, are spin vector operators in direction /i, and
the parameters ¢ and 1 are determined by the local electric field gradient (EFG) at the
position of the nucleus in its principal coordinate system {.7;; Y, 2 } (85). The quantities
e2qQ and 7 are conventionally known as the quadrupole coupling constant (QCC) and the
asymmetry parameter (AP), respectively and are typically determined experimentally for
each compound of interest. Defining Q = e%qQ, the eigenvalues of this Hamiltonian can

be computed and are given by

1. 14+1n) -
EO - __Q7E:|:1 - ( )Qu (20)
2 4
up to a constant shift, with corresponding eigenstates |ms=0),|£) = (jms=1) £
|ms = —1))/v/2. In general, all three transitions between any two of these eigenstates

have a non-zero matrix element for a spin vector operator, thereby creating magnetic

field noise at the frequencies

ve =210, 1)
=20, (22)

thus allowing both @ and 7 to be extracted for the zero-field spectrum.

When an external magnetic field is applied, the Zeeman coupling H, = —gu 55 - B
modifies the eigenvalues of the spin states, leading to a change in the magnetic field noise
spectrum. We note that this modification is strongly dependent on the orientation of the
external magnetic field with respect to the spin axes defined by 2,y and z'. Therefore,

by measuring the noise spectrum at various magnetic fields, one can infer the orientation



of the spin relative to the external magnetic field. As an example, in the limit of small
magnetic field B < nQ/upg, the second order correction to the spectral peak positions

are given by:

4 2 /B2  2B%,  B?
AU+ZM(_Z+_I+_?J) (23)
Q 2n  3+n 3-n
4 2 _le B2, QBQ/
Ay Musg) ( 2 v 2By ) (24)
Q 2n 34mn 3-n
Avy = Avy — Av_, (25)

from which one can obtain the value of sin® 6(3 —n cos (2¢)), where 6 and ¢ are polar and
azimuthal angles of B in the principal coordinate system. Complete information of the
orientation can be obtained by varying the orientation of the external magnetic field.

In contrast to conventional NMR spectroscopy with crystallized samples, the position
of each spin can also be identified. When the detector is itself a nanoscale object located
in close proximity to the target molecule, the amplitude of each spectral line depends
sensitively on the position of the corresponding nuclear spin relative to the detector. This
spatial dependence arises from the radial and angular dependence of the magnetic dipole
interaction of each nuclear spin with the nanoscale probe. This effect is illustrated in
Fig. S10a and S10b, where the magnetic noise spectrum of a single spin is computed
for different positions (S1 and S2) and orientations (S2 and S3). In general, for given
values of the QCC and AP, the 1-dimensional quadrupolar spectrum is a function of
T, B and principal coordinates a;’,yA’,zA’. Therefore, measurement of the spectrum in
several external magnetic field (amplitudes and orientations) yields information about
the molecular structure (Fig S10c), irrespective of the location of the target molecule.
This extraction of spatial coordinates of target spins based on magnetic-field dependent
spectra is similar to the procedure used in [4], where the positions of several electronic

spins were extracted based on their orientation-dependent interaction with a proximal NV



center.

A typical biomolecule (e.g. amino acid, protein) may contain many inequivalent
quadrupolar nuclei, each with a different principal coordinate system and each possessing
its own characteristic QCC and AP. In a high-field bulk spectrum, containing a macro-
scopic number of randomly-oriented molecules, these orientation dependent shifts yield a
characteristic Pake doublet spectrum (19) for each equivalent (possessing the same QCC
and AP) nuclear spin (see Fig. 4b, bottom panels). In the limit when only a single
molecule contributes to the observed spectrum, however, the Pake doublets break up
into potentially resolvable lines, with each nuclear spin contributing three spectral lines.
Therefore, the problem of determining the structure of a molecule, assuming that it is
fully determined by the positions of the quadrupolar nuclei (as in 2H spectra of deuter-
ated proteins), effectively reduces to finding sets of three spectral peaks corresponding to
each nuclear spin and identifying its position and orientation. We note that this task is
essentially equivalent to a pattern matching problem since each spin-1 with a given QCC,
AP, position and orientation has a well-defined dependence on the external magnetic field
(as shown in Fig. S10c and Fig. 4c). We also emphasize that the computational cost
of this task is greatly reduced in case there are known constrains on the structure of a
molecule (e.g. the sequence of amino acid in a protein). The details of this technique will

be described in a forthcoming publication.

9.2 Simulations of Quadrupolar Spectra

We illustrate the physics of quadrupolar spectroscopy by considering the model system
deuterated Phenylalanine, one of the essential amino acids that make up proteins.
In order to simulate the 2H quadrupolar spectrum, we model Phenylalanine as an

interacting system of deuterons in the C-D, C-Dy and aromatic groups of the amino acid.



We neglect deuterons in the amine and carboxylic groups, which readily exchange with
hydrogen in the environment. We assume typical (19, 37) QCC values of 120 kHz, 110
kHz and 130 kHz for deuterons in the C-D, C-D5 and aromatic groups, respectively. The
effects of APs, which tend to be very small for systems of this type (on the order of
~0.05), are neglected (36). We assume the quadrupolar axis to be oriented along the C-D
bond in all cases. In order to simulate the "N spectrum, we use the known values of Q =
1.354 MHz and n = 0.63 (38). In our simulations the amino acid is fixed on the diamond
surface in one of three configurations (Fig 4b - top three panels) and an NV center 4
nm below the (100)-oriented surface is used to probe the variance of the magnetic field
fluctuations along its axis. We simulate applying an XY8-1299 sequence, resulting in a
mean spectral resolution of ~5 kHz, corresponding to a T, of 200 us. Because of the
large quadrupole moment of N, the spectral resolution is variable if the number of -
pulses is kept constant during spectrum acquisition. Consequently, if the optimal spectral
resolution is to be used in all parts of the spectrum, the number of m-pulses would need
to be adjusted dynamically. In our simulations we assume a constant spectral resolution
of ~5 kHz. We assume an additional 4 kHz broadening arising from the dipolar coupling
of each N to its nearest 'H spin.

The change in orientation or conformation of an individual Phenylalanine amino acid,
measured by monitoring the amplitude of a single resonance in Fig. 4b, can be detected
in approximately ~3 seconds using the techniques outlined in section 5. For this estimate,
we assume that the target molecule can deterministically be placed above a 3 nm deep
NV center and that the coherence time can be improved by a factor of ~3 beyond what

was demonstrated in this work.
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Figure S1: The level structure of the two-qubit register consisting of a NV center electronic spin
and its associated '°N nuclear spin. The driving fields used for coherent control of the register are indicated.
Here A = 3.05 MHz is the splitting of the nitrogen hyperfine levels, y~ is the **N gyromagnetic ratio and B is
the magnitude of the external magnetic field applied along the NV symmetry axis.
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Figure S2: Minimum detectable number of 'H and *C spins as measured in our experiments,
and compared with previous work reported in the literature. aThe bars represent the following: 1).
Measurements presented in Fig. 2a of the main text before surface treatment and quantum logic-based readout
(blue points) and after surface treatment and employing quantum logic-based readout (red points). 2). Staudacher
et al., Science 339, 561563 (2013), 3). Loretz et al., Applied Physics Letters 104, 033102 (2014), 4). Myers et al.,
Physical Review Letters 113, 027602 (2014), 5). Romach et al., Physical Review Letters 114, 017601 (2015) with
additional NV centers measured by Ulm and Harvard groups on a nominally-identical sample. b Measurement
of T{ using spin lock sequence using an NV center with depth 8.3 + 1.1 nm. Here an initial 7/2 pulse creates
a coherent superposition of the ms; = 0 and ms = 1 NV sublevels and a continuous microwave spin lock pulse,
with an orthogonal phase, is applied. Subsequently, a second 7/2 pulse converts the signal into a measurable
population difference. Here, the spin lock frequency (6 MHz) is held constant while the duration of the spin lock
pulse is swept. An exponential fit allows us to extract a 1/T7 rate of 887 £ 136 s~'. Inset, Measurements of
XY8-32, XY8-64 and XY8-128 decoherence rates for this NV center (blue points) and fit to ~ k2/® function. The
measured value of 1/TY is indicated by dashed black line.
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Figure S3: AFM characterization of clean diamond surface. a, AFM height image of clean diamond
surface acquired using a AC240TS probe. The diamond was cleaned using procedure described in section 1.
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Figure S4: Protein density calibration using fluorophores. a, High concentration of Cy3-+ubiquitin on
diamond surface. b, Photobleaching timetrace of high density Cy3+ubiquitin on diamond surface. ¢, Fluorescence
spectrum of high density Cy3+ubiquitin on diamond surface d, Low concentration of Cy3-+ubiquitin on diamond
surface. Variations in brightness of different spots can largely be explained by an observed variation in single
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kCts/s. e, Photobleaching timetrace of a resolved Cy3-+ubiquitin spot. f, Bare Cy3 dye (no ubiquitin attached)
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Figure S5: ?H and '*C NMR of deuterated ubiquitin proteins. a,c,e, 2H NMR spectra of deuterated
ubiquitin performed on three NV centers. b,d,f, >C NMR spectra of deuterated ubiquitin performed on the
same three NV centers. All spectra are fit with gaussian functions, convolved with the detector filter function.
The filter function is determined by the spectral resolution, shown by green shaded regions.
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Figure S6: '3C NMR of non-deuterated ubiquitin proteins. a,c,e, 1*C NMR spectra of non-deuterated
ubiquitin performed on three NV centers. b,d,f, '3C NMR spectra of the same three NV centers after proteins
have been removed. All spectra are fit with gaussian functions, convolved with the detector filter function. The
filter function is determined by the spectral resolution, shown by green shaded regions.
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Figure S7: ?H and '*C NMR spectra measured on NV centers with no proximal proteins. a,b,c,
2H NMR spectra measured on several NV centers after attachment of deuterated ubiquitin. d,e,f, '*C NMR
spectra measured on several NV centers after attachment of non-deuterated ubiquitin.
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Figure S8: Conventional NMR spectra of ubiquitin. a, Liquid-state 'H NMR spectrum of unlabelled
ubiquitin. Here the Double Pulse Field Gradient Spin Echo (DPFGSE) pulse sequence was used for solvent

suppression. b, Analogous 'H NMR spectrum of deuterated ubiquitin.
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Figure S9: The spurious harmonics of hydrogen. Measurement of spurious 4/25, 2/13 and 4/27 harmonics
of XY8-k measured using external calibration signal at frequency 10.312 MHz.
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Figure S10: Principles of quadrupolar spectroscopy with NV centers. a, Various positions and
orientations for spins with quadrupolar moments. The axes with z 7yA’ , 2z denotes the principal axes for each
spin’s quadrupolar interaction. b, Three spectral peaks appear for each spin-1. While the resonance frequencies
are determined by the orientation of the principal coordinate system relative to the external magnetic field B
(here chosen such that gugB = 0.5Q), the weights of the resonances depend on the positions of the spins (S1 and
S2). A different orientation at the same position gives a distinct set of spectral peaks (S2 and S3). We assume
a value of n = 0.35 for these simulations. ¢, Magnetic field dependence of the three spectral lines shown in (b),
blue curve.



depth [nm] 1/7% [kHz] = depth [nm] 1/75 [kHz]
NV 1 53+£01 53.1£46 31£01 13.0£1.1
NV 2 6.5£01 499=£15 5.1 £0.2 99 +£1.1
NV 3 51+01 674=+0.7 4.8 £ 0.2 5.9 £ 04
NV 4 5.0£ 0.1 97.6 £238 4.0 £0.1 6.9 £ 0.8
NV 5 5.6 £0.1 59.2=£19 5.3 £ 0.1 48 £04
NV 6 51+£01 648=£1.0 4.9 £ 0.1 79 £ 1.1
NV 7 73+01 33.0+£48 6.2 £0.3 5.0 £ 0.6

Table S1: Experimental measurements of NV depth and XY8-187 decoherence rates 1/T5 for several NV centers
before (white, columns 1 and 2) and after (grey, columns 3 and 4) oxygen anneal. Errors indicate 68% confidence
intervals.
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